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SUMMARY 
The work presented in this thesis concerns investigations into the performance 
characteristics of orifice compensated gas journal bearings. 
Various analyses are presented 'which predict the pressure loss through the 
restrictor. The results from these analyses are compared with existing 
experimental data which relate to centrally fed circular thrust bearings. 
From this work, the significance of secondary effects which are normally 
neglected in the analysest i 
such as inertia flow and supersonic flow in the 
bearing filmt are determined. It is shown that these effects have little 
impact on the overall bearing performance 
A study has been ' made 
of the theoretical treatments for the prediction of 
the pressure loss through the clearance. The simplified one dimensional 
analysis is presented from which the concept of bearing optimisation is 
demonstrated from a mathematical standpoint. The complex potential theory 
has been investigated and the application to externally pressurised bearings 
is given. This method is used to predict the pressure loss between inlets 
and to demonstrate this methodt streamlines and isobars for typical bearing 
geometries are presented, The line feed model, corrected to account for 
dispersion losses by using the complex potential theory, is presented. It 
is shown that this model provides a convenient analysis for the presentation 
of design data. 
The finite difference method for the evaluation of film pressures is also 
presented. This method takes into account the discrete nature of the feeding 
regions and also the aerodynamic effects in hybrid, bearings. 
Theoretical results applicable to typical bearing configurations are presented 
to indicate the significance of various design parameters on both the 
aerostatic and hybrid modes of operation. 
Throughout the thesis, theoretical results are compared with experimental 
data in order to deduce the accuracy and validity of the various theoretical 
models. This includes film pressure profiles, mass flow rates, load capacity 
and tilt stiffness. The experimental data used for comparison has been 
obtained from existing published results and from experimental data obtained 
from this study relating to hybrid bearings. 
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Pu - pressure at throat oforifice area /rdý2/* 
P* - critical pressure 
Fa - ambient pressure 
Pd - pressure immediately downstream of restrictor 
Pdo - pressure immediately downstream of restrictor at 0 
Pi - pressure at edge of pocket assuming purely viscous flow 
- xx - 
PL 
pm 
p0 
pp 
p 
T 
c 
r 
R 
R' 
Re 
Re 
Ri 
Re 
(R 
T 
Tq 
Tq 
equivalent line pressure (to give correct mass flow rate) 
mean film pressure 
supply pressure 
pocket pressure 
P/Pa 
radius D/2 
critical radius for reverse transition 
integer 
non-dimensional radius 
annular thrust bearing radius 
relaxation factor 
pitch circle radius 
Reynolds' Number at entrance to bearing film 
annulax thrust bearing inner radius 
annular thrust bearing outer radius 
gas constant 
absolute temperature 
bearing torque 
u 
U, V 
V 
vm 
-ft 
w 
WA 
WAI 
ws 
w 
non-dimensional bearing torque 
At 
z 
surface speed , 
co-ordinates in ý plane 
gas velocity 
mean gas velocity across bearing film 
gas velocity at throat of orifice 
velocities in i, y and z directions 
bearing load 
aerodynamic load 
corrected aerodynamic load k' WA 
aerostatic load 
non-climensional beaxing load 
XIY co-ordinates in 
77 
plane 
715F - non-dimensional co-ordinates x, y 
ff - complex variable 
z- co-ol-dinate 
- xxi - 
D< angle 
ratio of specific heats 
inherent, compensation factor 
Z)Z 2. 
74 for pocketed orifices 
for inherently compensated 
90 inherent compensation factor atE =0 
-4 for pocketed orifices 
4L 
for inherently compensated 
eccentricity ratio 
eccentricity ratio at bearing centreplane 
8T - tilt eccentricity ratio 
- .. resultant eccentricity ratio 
- complex variable 
- dynamic viscosity 
(9 - angle 
;L line feed correction factor 
: ý_ 42- 
1A 2- - 
AS feeding parameter (see Equation 3.8) 
bearing shape factor 
L/D single plane admission journal bearings 
2a/D double plane admission journal bearings 
ln(Ro/Ri) annular thrust bearings 
2 
gas density 
gas density at supply conditions 
gas density at throat of orifice 
shear stress 
attitude angle 
velocity potential 
stream function 
angular velocity 
complex potential function 
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PART A 
INTRODUCTION 
PART A- INTRODUCTION 
1. INTRODUCTION 
1.1 General Introduction to Gas Lubrication 
1.1.1 Brief History 
Since the early experimental work of the 1800's (Refs. 1-1 - 1-3), gas 
bearing technology has steadily progressed to the present day. Since these 
early pioneering days, significant progress has been made in the understand- 
ing of bearing characteristics. This has been principally due to the 
requirements of the nuclear power and military fields which rapidly expanded 
during the post-war years. More recently other industries have taken 
advantage-9f this technology. The most notable of these can be found in 
the field of manufacturing engineering, where air bearings have been 
incorporated in both process and inspection machines (Ref. 1.4). With the 
ever increasing requirements of higher speeds, greater accuracy and 
environmental awareness it is likely that gas lubrication will be more 
extensively used to solve the new challenges that lie ahead. 
Previous work which relates'to this study is referenced in the appropriate 
sections of this thesis. 
1.1.2 Advantages 
Fluid film bearings can support loads by utilising either one or a number 
of the load carrying properties of fluid films. For gas lubricated bearings, 
two main properties are used, i. e. the aerodynamic and aerostatic character- 
istics to support the load. Unlike liquid bearings, gas lubrication offers 
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relatively little squeeze film damping due to the compressibility of the gas 
film and consequently it is often neglected during analysis. 
The main advantages that gas lubrication affords over conventional systems 
may be classified as follows: - 
(a) Low Friction The low viscosity of gases produces low 
friction losses. This allows high speeds 
to be obtained and also provides low static 
friction torque. 
(b) Wide Operating Gases which are used as lubricants are 
Temperature Range Anherently stable over a wide temperature 
range and their viscosities are substantially 
constant. 
Minimal Contamination In many process industries gas bearings are 
to Surrounding used in order that bearing systems do not 
expel lubricants detrimental to the processes 
with which they are being used. 
(d) Averaging Action In aerostatic bearings, this feature enables 
of Surface Finish high orders of rotational accuracy to be 
and Geometric achieved. 
Deviations 
(e) Zero Wear In aerostatic bearings, zero wear is experienced 
during running and hence infinite life is 
expected providing there is no wear. 
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1-1-3 Aerodynamic Bearings 
Aerodynamic bearings generate their own internal pressure differentials due 
to the relative motion of their surfaces. Many types of bearings employ 
this principle including plain cylindrical, tilting pad bearings and foil 
bearings. 
The major disadvantage of these bearings is that I their load capacity is 
relatively small - of the order of a few Newtons per square centimeter 
of the bearing area. As these bearings only support loads at speed, their 
application is usually confined to operating conditions involving continual 
running. If many stop-start cycles are required, the bearing materials 
have to be chosen'such'that minimum wear occurs during start up and stopping. 
Other problems concern their manufacture. The very small running clearance 
to achieve the necessary aerodynamic pressures require careful manufacture 
and precise alignment of assemblies. Whirl instabilities, can also present 
problems, requiring careful design in, orderto achieve a satisfactory bearing 
performance. 
II 
1.1.4 Aerostatic Bearings 
Aerostatic, or externally pressurised gas bearings, require an external 
source of-pressurised gas. Load capacity is produced from the pressure 
differential across the bearing achieved by the use of restrictors at the 
inlet of the bearing. The major disadvantage of these bearings is that an 
external source of pressurised gas is required. This is most commonly 
provided by a compressorg but sometimes gas cylinders are employed. 
However, all the disadvantages of aerodynamic bearings mentioned previously 
can be overcome by the use of the externally pressurised type. High 
I 
stiffness at zero speed can be achieved. Thus the selection of bearing 
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materials is less critical than for those selected for aerodynamic bearings. 
Also, higher bearing clearances can be employed which eases their manufactu- 
ring requirements as tolerances may be relaxed. The higher bearing 
stiffnesses that are obtainable, aid the suppression of whirl instabilities, 
and also reduce bearing deflections. 
The basic principles of operation of externally pressurised journal bearings 
are illustrated in Figure 1.1. Pressurised gas, normally air, at supply 
pressure PO is fed to an annular plenum chamber around the bearing. The gas 
is admitted into the bearing clearance by restrictors which reduce the gas 
pressure to Pd at the inlet. The gas subsequently flows into the bearing 
clearances, its pressure reducing at atmospheric pressure Pa at the outlet 
of the bearing. For concentric conditions, 0, the inlet pressures at 
the restrictors are normally equal and designated Pdo. 
When the bearing is loaded, an eccentricity is caused. The eccentricity 
leads to increased flow resistance in the low clearance side and hence 
lower flow through the respective restrictor. Thus the inlet pressure in 
the low clearance Pd, increases. Conversely, in the high clearance side the 
inlet pressure Pdh decreases. The pressure differential across the bearing 
produces load capacity. Iýhus for a given loading an eccentricity is produced 
for which the product of bearing pressure and the projected area balances the 
applied loading. 
The role of. the restrictors, is to reduce the pressure at the inlet to the 
bearingg and to provide bearing stiffness. These effeots canýbe-achieved-by 
using many types of compensating devices; as classified, overleaf: - 
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(a) Pocketed orifice 
(b) Annular orifice or Inherent compensation 
(C"') Slot entry 
(d) Restricting land. 
(e) Porous linear 
(f) Porous plug 
(g) Capillary 
The present work will be confined to, bearings employing orifice restrictors. 
These types of bearings, being the easiest to produce by established 
manufacturing methods, are presently used extensively in industrial 
applications. Other types of compensation devices are less widely employed 
as many manufacturing and operating problems have still to be fully resolved. 
Figure 1.2 illustrates typical designs for both pocketed and annular orifices. 
In this case the gas is admitted at essentially point sources around the 
bearing circumference, usually in the range of six to sixteen entries per 
row. These restrictors are turbulent flow devices - the pressure drop that 
occurs is due to the acceleration of the gas as it expands. The pocketed 
orifice design shown is one using a pierced insert, press-fitted into a 
reamed hole to an appropriate depth below the surface of the bearing bore. 
The annular orifice shown is provided by simply drilling the walls of the 
bearing using an appropriate sized drill.. 
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1.2 The Present Study 
In Part B of this thesis, various theoretical models are presented which 
predict the pressure loss through both the inlet restrictor and the bearing 
clearance. 
These theoretical models have been applied to aerostatic journal bearings in 
Part C and to hybrid journal bearings in Part D. This has been done to 
prevent repetition of the theoretical models common to both types of bearings. 
In both Parts C and D, a literature review is presented and the limitations of 
the existing design methods indicated. Also, the results from the theoretical 
models are compared with each other and# where appropriate, experimental data 
are compared with these predictions. 
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PART B 
ANALYSIS OF IMTERNALLY PRESSURISED GAS BEARINGS 
PART B- ANALYSIS OF EXTERNALLY PRESSURISED GAS BEARINGS- 
ANALYSIS OF RESTRICTOR LOSSFS 
2.1 Introauction 
The accurate. prediction of the performance of an ext-rnally pr-ssuriseH 
bearing is largely depenýent upon the analysis employeA to account for 
the pressure loss'through the restrictor. 
Various restrictor. loss analyses are presented. for both inhPrently 
compensated ane pocketed compensated bearings. From these analyses, 
working equations are developed to take account of all known pressure 
drops from supply pressure to the boundary pressure applicable for the 
solution of the Reynol(Is' equation in the bearing film. Results from the 
various theoretical models are compared with each other in orcler to 
illustrate the Pffect of various analytical refinements. Also, experimental 
pressure profiles and load capacities are compared with the results from 
various theoretical models. From these comparisons conclusions are ma(qe 
concerning tho validity of the analytical models. The analyses presente4 
can be applied to any type of externally pressurispd bearing which employ 
restrictors in the form of discrete orifices. 
2. Z Isentropic Flow Through an Orifice 
The equations which describe the flow through a restrictor are presented. 
it is assumea that isentropic (i. e. reversible adiabatic) flow occurs 
I during the expansion of the, gas from supply pressure to the throat pressure 
of the orifice. 
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The mass flow rate through an orifice can be expressed: - 
1r7 0 
where A= flow area 
Vý' = velocity at the throat 
/, 01 = gas 
density at the throat 
By considering Newtons 2nd law, which equates the total force to change, 
in momentum, leads to Euler's equation which may be defined as: - 
7- 
el-ý =-f 
LIX 
/10 
Assuming that the gas expands from an initial state where the velocity may 
be considered negligible, Euler's equation upon integration gives: - 
2. 
- f4A 
/1 
Assuming the flow is adiabatic: 
btý 
Oy 
gives: - 
-ZyA, '- /Z- 
2 ý--/ 
[ 
/00 AI 
7 
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The equation above shows that the kinetic energy is equal to the enthalpy 
drop. As an adiabatic process has been considered, and zero friction has 
been assumed in Euler's equation, the expansion is assumed to be isentropic. 
Further substitution and rearranging gives: - 
A 
Vý- : --ý 7-7-9 
94 Z- 
1 
Z (ý-ý IA- 
9 23- /11.11 
J, 
3- 
,9 
112- =Z/- 
(7ý. ' 
sog* 
(2.2) 
-/ 114- 
Substituting Equation (2.2) into Equation (2.1) and rearranging gives: - 
Mz 
Using the identities: 
/ý - /, 0. ýe -r 
#-6 /01 
2- 
z: 
1 YJ- 
Where T is the absolute temperature of the supply conditions, gives: - 
___ 7b«74'17? ('J JJ 
#es** 
(2-3) 
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The maximum flow rate per unit area at the throat can be found by 
differentiating Equation (2-3) with respect to P4-- and equating to zero. 
The resultant pressure ratio is: - 
e 
(2.4) 
Equation (2.4) gives the critical pressure ratio. For downstream pressures 
equal to and below this value, choking occurs and the static pressure at 
the throat is defined by Equation (2.4) . The mass flow rate then for all 
conditions of subsonic and supersonic flow is given by: - 
'/j- V/ -Z 
2r 
w, ýe re- 
All 
(2-5) 
The application of Equation (2-5) with either discharge coefficients and/or 
other loss coefficients for gas bearings will be discussed in the following 
text. 
2.3 Inherent CompensatiOn 
Introduction 
The gas flow path through a typical inherently compensated restrictor is 
shown in Figure 2.1 with the resultant experimental pressure profile 
obtained by the Author (Ref. 2.1 ). The pressure profile shown has been 
obtained in the clearance of a Journal bearing by traversing a pressure 
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transducer across an orifice. This enables pressure variations over mall 
distances to be identified, which is particularly significant in the 
feeding region around the restrictor.. 
The pressure changes are identified and briefly discussed. Immediately 
under the orifice feeding area, supply pressure was recorded. This 
pressure corresponded exactly to that obtained from the supply conditions 
in the inlet manifold (Ref. 2.2' ), which indicated that no pressure loss 
occurreddownthe supply hole. (If the hole is made excessively long, 
a viscous pressure loss could be expected to occur similar to the pressure 
loss in capillary restrictors). At the inlet to the bearing film, the gas 
accelerates through the curta in area XIfJ, from the supply pressure Po 
and as a consequence, its static pressure reduces. In the case of choked 
flow with high Mach Numberst the static pressure recorded immediately 
downstream of the throat can be much lower than atmospheric pressure as 
conventional aerothermodynamic theory indicates. As the flow continues, 
the gas recovers some of its static pressure and viscous losses prevail to 
the atmospheric boundary. 
The prediction of the exact pressure profile, taking into account the 
pressure loss and subsequent recovery has been the subject of 
investigations by Mori et. al. (Refs. 2-3 - 2-5) and Poupard and Drouin 
(Ref, 2.6). 
Vohr (Ref. 2-7) and McCabe et. al. (Ref. 2.8) proposed the use of a 
pressure loss co efficient derived from the results of extensive 
experimentation. ' The value of the loss coefficient was found to be 
dependent uponýReynolds Number at the throat of-the restrictor. This 
approach was theoretically substantiated by the use of energy and momentum 
considerations by Hagerup (Ref. 2.9). Lowe (Ref. 2.10) however, 
demonstrated that the entrance pressure loss was also a function of bearing 
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clearance to orifice diameter ratio, supply pressure ratio and film 
entrance pressure ratio. 
In the following text, various theoretical models are considered and the 
relevant working equations are derived. 
2-3 .2 
The Application of Discharge Coefficients 
The equations given in Section 2.2 can be used with a discharge coefficient 
Cd to account for the departure from the idealised flow conditions. 
Equation (2-5) can be modified (with A= Xdýk ) thus: - 
7- 
OAS 
(2.6) 
The method of modifying tha flow in this manner largely accounts for the 
vena contracta effect on the entrance to the bearing film as shown below: - 
The values used for Cd are dependent upon such effects as the sharpness of 
the corner around which the flow passes. For exact values of C d' 
experimental results of flow rate are required. In the case of the Author's 
experimental work relating to journal bearings 
(Ref 
. 2.2 
), empirical 
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values Of Cd could only be obtained accurately for choked conditions. For 
unchoked flow, Equation (2.6) contains two unknowns - the value Of Cd and 
Pt/Po. It was found that attributing a value of Pt/Po from pressure profiles 
recorded in the bearing film as shown typically by Figure 2.1 , was almost 
impossible due to entrance effects local to the throat. For choked 
conditions however, the mass flow rate is given by: - 
, 
4, (C. (, o & -e. ( 
A/-W) -e ca "t, I /t, "o, 
4: 
where Ca is the coefficient of discharge for choked conditions. 
Values of C* obtained experimentally by the Author are shown in Table 2.1(a) d 
For comparison, experimental data obtained by Mori and Miyamatsu (Ref. 2.4) 
obtained from studies for thrust bearings have been analysed and are shown 
in Table 2.1(b). It canbe seen that for both sets of results, the values 
obtained are similar for a wide range of supply pressure ratios, orifice 
diameters and bearing clearances. It can be seen that a typical average 
value for Cd 
W 
would be in the order of O. B. The mass flow rate for choked 
conditions can be adequately accounted for by the use of a discharge 
coefficient. However, the question arises whether or not discharge 
coefficients can be applied in an appopriate manner to subsonic flow 
conditions. A detailed discussion of this is given in following sections 
with reference to experimental data. 
2.3.3 Pressure Losses Upstream of the Curtain Flow Area 
I 
2 
The isentropic flow through the orifice flow area -111414 is given by: 
(2-7) 
where P,, = theoretical pressure at the throat of the orifice area 
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By equating Equations (2'. 7) and (2.6) , an expression relating the mass 
flow rate to an effective flow area and the overall pressure drop can be 
expressed as: 
Z JY-A / 
, -AO == ae zw-M 7" - yr Z- 
wý 
(2.8) , 
2, y 
7- 
fý 
4,9 
The derivation of Equation (2.8) is given in Appendix Al where 
incompressible flow has been assumed to obtain the effective flow area. It 
has also been assumed that the coefficient of discharge has the same value 
for both restrictor areas. 
The parameter S, is the ratio of the orifice flow area.; UJý4 to the 
curtain flow area 2rd-f)- thus: 
Al; ellz 
2. 
00 ' '4 7 
In practice, the value of at concentric conditions is usually much 
greater than unity for this orifice geometry. For typical designs used 
the secondary restrictor has little effect on the overall flow analysis. 
M. T. I. for example in Reference 2,371 have not included the influence of 
S in their orifice flow analysis. However., its effect can be included 
if necessary using the above analysis. 
2.3.4 'The Use of Loss Coefficients 
It has been suggested by Vohr (Ref. 2-7 ) and McCabe et. al. (Ref. 2.8 ) 
that an alternative method to using discharge coefficients in the isentropic 
flow equation is the use of loss coefficients. The reasoning behind this 
approach is that the film pressure can recover some static pressure as the 
flow decelerates from the throat of the restrictor as it enters the bearing 
film. 
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The analysis presented by McCabe et. al. and Vohr was to account for the 
pressure loss of the restrictor in the following form: - 
t'-: = k'747-, ) 
The pressure loss of the restrictor ( Po- Pi) is expressed in terms of a 
loss coefficient (Ký and the dynamic pressure at the throat 
( po - pc). 
The dynamic pressure is calculated assuming that the flow completely fills 
the bearing clearance. Thus in Equation 
(2.8) 
, Cd = 1.0 and pt = pe . 
The value of the loss coefficient was found by experimentation to be 
dependent upon the Reynolds Number at the throat of the-restrictor. Elrod 
and Glanfield (Ref. . 
2.12 ) have analysed the experimental data which 
relates K to Re thus: - 
ze- ýý, 2 le -Yd. 0. o0024 
I 
-2 00 
er 9 4Z., c0; 
A-. JA- "d- 0-/ S-s - 
44 ocre o. 71S- 
The Reynolds Number is*calculated at the throat of the restrictor by :- 
iý, Pe 2 
7 
Substituting for ?, - C, 
= 
- 15 - 
The above analysis is used to obtain the value of Pi and hence the pressure 
distribution. The analysis predicts total pressures within the bearing and 
further refinements can be made to account for the dynamic head due to 
inertia effects. 
2-3.5 Reverse Transition 
The flow through the throat of the restrictor is turbulent whilst the 
flow in the bearing clearance some 'ýay downstream is laminar. Thus a 
change in the nature of the flow occurs. This is known as reverse 
transition. Flows which undergo this change are inherently unstable and 
defy exact analysis. However, downstream from the transition area the 
gas is subjected to viscous losses and the flow stabilises. The critical 
radius inside which reverse transition occurs has been determined by Kreith 
(Ref. 2.13 ); where 
0. /4L 
2ý0 4 
Substituting for Reynolds Number gives: - 
re 0. /44- 
1, 
/ 
44 
2.3.6 Choked Conditions 
If a restrictor is choked both týe mass flow rate per unit flow area and 
the throat pressure are fixed, as given by Equation (2.8) , regardless of 
downstream conditions. 
As the gas flows from the throat into the local bearing clearancev the 
expansion continues, with static pressure reducing and velocity increasing. 
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This is given by classical aerothermodynamic theory. This expansion 
continues until a shook wave occurs (or a series of shocks) which changes 
the flow to subsonic conditions. The post-shock pressure can be predicted 
from the conventional aerothermodynamic: theory. The pressure distribution 
of the expansion and the post shock pressures are shown in Figure 2.2 
by curves (a) and (b) respectively. It is assumed'that the expansion 
is adiabatic and frictionless and that a single normal shock wave occurs. 
The effect of friction is to increase the supersonic pressures. Its 
effect is also to modify the pressure rise through a shock wave to a 
gradual increase rather than a step function. This has been studied by 
Mori and others in Refs. 2-3 and 2.5 where appropriate friction factors 
were used in the theoretical solutions. In Ref. 2-5 it was shown that 
theoretical pressure profiles correlate well with experiment both for the 
supersonic flow region and for the pressure rise through the shock wave. 
The post shock pressure and its position are determined by the intersection 
of the post shock pressures and the laminar pressure distribution. This is 
shown in Figure 2.2 (which relates to a normal shock wave and zero friction) 
by the intersection of curve (b) with a typical laminar profile shown by 
curve (c). 
2.3.7 Inertia Effects 
The effect of the inertia (or kinetic energy) of the gas is to reduce 
static pressure. This can be evaluated by assuming a parabolic velocity 
distribution across the bearing film and integrating to find the total kinetic 
energy. This gives the pressure loss as a function of density and velocity 
as shown below: 
Al 
e, -A im, =0- 1ýý P,. 
2- ..... 
(2.9) 
where 113 is the local gas density and iý, is the mean local gas velocity 
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2-3-8 Comparison of Various Theoretical Models-With Ex-periment 
Figure 2-3 compares the results of various theoretical models with 
experimental pressure profiles obtained by Mori (Ref. 2.4 ) for a 
circular thrust, bearing. Two pressure profiles are considered - one for 
subsonic conditions at the throat of the restrictor and one for choked 
conditions. 
The comparison for the subsonic conditions is shown for h=29pm for which 
results relating to three theoretical models are shown: 
1. Constant value Of Cd (equal to 0.8), neglecting inertia effects. 
2(i) Loss. coefficient model as given by Vohr and McCalbe et. al. 
neglecting inertia effects. 
2(11) As 2(i) with inertia, effects taken into account. 
It can be seen that the analysis including inertia effects Lr 2 (11)] 
correlates well with the experimental pressure profile, whilst the 
simplified analysis (1) give generally lower pressures. 
The case for supersonic flow Is shown by h=90pm. Five theoretical models 
are considered thus: 
1. Constant value of Cd (equal to 0.8)0 neglecting the supersonic 
flow domain and-inertia effects. 
2(1) Loss coefficient model as given by Vohr and McCabe et. al. 
neglecting the supersonic flow domain and inertia effects. 
2(ii) As 2(1) with account taken of the supersonic flow domain 
(zero friction). 
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2(iii) As 2(i) with account taken of the nupersonle flow domain 
(zero friction) and inertia. 
2(iv) As 2(i) with account taken of the supersonic flow domain, 
inertia, and friction (friction factor = 0.003). 
The loss coefficient model given by Vohr and McCabe et. al. suggests that 
for chokec! flow conditions, Cd equal to unity should be used in the 
isentropic flow equation. 
I 
The refined analysis given by 2(ii) accounts accurately for the pressure 
distribution. Even greater refinement can be obtained by accounting for 
inertia effects and also by employing a friciion factor in the analysis 
for the supersonic flow region as proposed by Mori and Ezuka (Ref. 2.5 )# 
as given by 2(iv). 
The effects of each refinement on the theoretical load. capacity are 
tabulated below and comored with the experimental values as deduced from 
the experimental pressure profiles. 
Subsonic Flow Case W Newtons 
Analysis 
1. Cd = 0.8 180 
2(i) Loss coefficient model 199 
2(ii) Loss*coefficient model with 
195 
inertia effects 
3cperiment 189 
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Supersonic Flow Case IW New-tons 
Analysis 
1. Cd=o. 8 27.3 
2(i) Cd = 1-0 33.9 
2(ii) ýCd = 1.0 with account made for supersonic domain 
29.2 
(zero friction). 
2(iii) Cd = 1.0 with account made for supersonic domain 
26.1 
(zero friction) and inertia effects. 
2(iv) Cd = 1.0 with account made for supersonic domain 
25.7 
(friction factor = 0.003) and inertia effects. 
FxPeriment 26.5 
The model which uses Cd=0.8 gives better agreement for load capacity than 
the flow models suggested by Vohr and McCabe if both inertia and the 
supersonic flow region (where applicable) are neglected. The best 
correlation for the prediction of load capacity is obtained by the refined 
loss coefficient model, which takes into account both inertia and 
supersonic flow domain (in the case of choked flow conditions). 
The inclusion of a friction factor in the analysis for the choked flow case 
modifies the predicted load capacity by only 27o. It can be seen that this 
effect is only marginal. This is because the pressure differences act over 
a small region compared with the overall bearing area. 
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2-3-9 Conclusions 
It has been shown that reasonably accurate predictions of bearing 
performance can be obtained from either the use of discharge, coefficients 
or from the use of loss coefficients. The two methods give substantially 
the same results for both load and flow rate (within 1wo). This has also 
been found by Vohr in Ref. 2.14 (It was also shown that the results from 
the two theoretical models agreed well with experimental data). 
For the prediction of bearing pressures, greater accuracy can be obtained 
by the use of the loss coefficient model taking into account inertia 
effects. In the case of choked flow conditions, the supersonic flow domain 
can be approximated by assuming zero friction. For a more exact prediction 
of the pressure. profile for the supersonic flow domain and the subsequent 
shock wave profile, the theoretical analysis by Mori and Ezuka given in 
Ref. 2.5 can be employed using suitable friction factors. However, it 
has been shown that this refinement has little effect on the predicted 
bearing performance and probably does not justify the complexity involved, 
if only the performance characteristics of a bearing are required. 
2.4 Pocketed Compensa-ti2n 
2.4.1 Introduction 
The gas flow path through a typical pocket compensated restrictor is shown 
in Fig. 2.4 with the resultant experimental pressure profile (Ref. 2.2 ). 
The pressure profile, recorded continuously in the bearing clearance local 
to a pocket enables pressure variations over small distances to be 
identified. The pressure changes that can be observed are briefly discussed. 
The pressure in line with the centre of the feeding hole was found to be 
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slightly less than supply conditions. This is because the jet strPam 
recovers most of its kinetic head as it impinges onto the bearing surface. 
-In the pocket, away from the jet stream, the gas settles down to attain a 
ýpocket pressure Pp. If the flow Is unchoked. at the throat area Xa, 
ý14 
, 
recovery can be expected, whilst if the flow is choked the nature of the 
pressure change is dependent upon downstream conditions. In the case of 
subsonic flow, the gas attains a steady'state pocket pressure which is 
essentially at a stagnation condition. That is to say, away from the jet 
stream the kinetic head in the pocket is small compared to its static 
pressure head. At the edge of the pocket, the gas further expands through 
a secondary restrictor given by a curtain area 2Ctkk , where a vena 
contracta occurs as the gas enters the bearing film. 
The gas subsequently recovers dynamic pressure as its velocity reduceý. 
and eventually viscous losses prevail inýthe bearing clearance. 
2.4.2 The Application of Discharge Coefficients 
The isentropic flow equation given by Equation (2.5) can be used in 
conjunction with a discharge coefficient Cd to account for the departure 
z from id. eallsed flow, where A Wclý 
4 
2 
0 
I(T- 
172-1 
/7 
h 
..... (2.10) 
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The mass flow rate is expressed in tenas of the pocket pressure Pp, 
rather than the throat pressure, Pt, in order to allow correlation Of Cd 
with the experimental pressure profiles., The throat pressure Pt cannot 
be easily measured, whilst Pp is directly obtainable from the pressure 
profiles. The effect of expressing r; t in these terms is that Cd values 
obtained from experimentation by definition include the effects of pressure 
recovery within the pocket. 
Figure 2.5 shows the experimental spread of the coefficient of discharge 
Cd at choked conditions. These results otrtained by the Author (Ref. 2.2 
relate to the watch-makers 'ruby' jewels by allowing the orifices to 
free-jet -to atmospheric conditions. It was found that when the orifices 
were used to feed gas into a bearing clearance at choked conditions the 
values Of Cd obtained were the same as those given in Figure 2.5 The 
variation of C* shown in Figure 2-5 for a given orifice diameter d 
ranges between 3% and 151o' and may be related primarily to deviations in 
orifice dimensions from the nominal values stated by the manufacturers. 
The mean Cd value ranges from approximately 0.7 to 0.9, depending upon- 
the size of the hole diameter. 
Figure 2.6 shows the dependence Of Cd with Pp/Po compared with choked 
flow. It can be seen that as Pp/Po increases from the choked flow case, 
the coefficient of discharge reduces. Similar trends have been reported 
by Arnberg (Ref. 2.15 ), Grace et. al. (Ref. 2.16 ), Marsh et. al. (Ref. 2.27 
and Markho et. al. (Ref. 2.18 ). 
The correlation obtained by the Author (Ref. 2.2 ) is: 
Q=Qk 
Z//-. / ý, -0- ?dý 
ý) 
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When brass bushes are used, Marsh et. al. (Ref. 2-17 ) found that severe 
distortion of the hole diameter could occur when the orifices were 
press-fitted. The experiments conducted indicated that the coefficient 
of discharge could vary by a ratio of 2: 1 for the same orifice'sizes. A 
possible cause of this variation was attributed to small geometric 
differences and/or surface roughness effects. The value Of Cd obtained 
were in the range between 0.5 and 0.92, with the trend of increasing Cd 
with increased orifice diameter. It must be noted however that the 
problems encountered by Marsh et. al. on the deformation of hole geometries 
cannot occur with watch-makers jewels. This is because the jewels, unlike 
brass bushes, cannot deform or burr and, if excessive stresses are caused, 
then the jewels crack. In addition, as jewels are translucent, any 
cracking that occurs is easily detectable by the use of a microscope. 
2.4-3 Pressure Losses Downstream of the Orifice Flow Area 
Two pressure losses can occur downstream of the throat of the orifice flow 
area The first occurs at the orifice curtain area 
and the second at the entrance to the bearing film flow area 
The equations which relate these pressure drops to the mass flow rate are 
now developed. 
The isentropic flow through the edge of the pocket is given by: 
-L 34- 1! 2, 
where theoretical static pressure at the curtain area 
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By equating Equations (2.10) and (2.12) , an expression relating the mass 
flow rate to the effective flow area and the overall pressure drop can be 
expressed as: 
2 2- 2- yk 
0 
firT 
(2-13) 
The derivation of Equation (2 - 13 is given'in Appendix Al where 
incompressible flow has been assumed, to obtain the effective flow area. 
It. has also been assumed that the coefficient of discharge has the same 
value for both restrictor areas. 
If only the orifice throat area *XcVI4 and the curtain flow area 
are considered the value of is defined as: 
; rw.. 
., n/" (2.14) 
.4 dz 
The analysis given by the above Equations (2-13) and (2.14) is identical to 
that given by M. T. I. (Ref. 2.11 ) to account for the effective flow area 
and It he influence this has on both the mass flow rate and the feeding 
parameter. 
If the orifice curtain flow area Xdo (b+k) is considered in addition 
to those mentioned above then the value of gL is given by: 
z 
J- 
2)2, 
4 ..... 
(2-15) 
The equation above is that given by Markho et. al. (Ref - 2.19 ). 
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2.4.4 The Use of Loss Coefficients 
The entrance loss data obtained by Vohr (Ref. 2-7 and McCabe et. al. 
(Ref. 2.8 can be employed to account for the pressure recovery in the 
bearing film. To apply the data correctly, it is assumed that the flow 
completely fills the bearing clearance at the entrance to the bearing 
film. In-practice, this means that the value of the coefficient of 
discharge at the entrance to the bearing film is considered unity. 
Equation (2-13) is modified in the following manner: 
(2.16) 
where jF, is defined by Equations 
(2.14) or (2.15) 
The data obtained by Vohr (Refo 2-7) and McCabe-ze. t. al. (Ref. 2.8) 
can be used with the assumption that the pocket pressure PP 
is a 
stagnation pressure. This has been shown to be correct 
from experimental 
pressure profiles. 
The analysis given in Section 2.3.4 can be adapted thus: 
. k'('i'I-, Ic) 
iv', 6r k('4) 
We . 7f 
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Expressing the flow through the restrictors in terms of Pi we have: 
f«, )4(, )AJJt 4 
(2-17) 
The derivation of Equation (2 -17) is given in Appendix A2. 
2.4.5 Choked Conditions 
If choked conditions exist in the orifice then the effects of restrictor 
losses, apart from C* are of little consequence, in the overall bearing d' 
analysis. Unlike inherently compensated bearings, the flow through the 
entire film is considered as totally subsonic. Reverse transition occurs 
in the pocket where the flow settles down prior to entering the bearing 
film, with comparatively smaller entrance losses and inertia effects. The 
mass flow rate is fixed and can be used directly in the isothermal Reynolds' 
equation to calculate the pressure profile within the bearing film.. 
The choked flow is given by: 
1 
Cd doLA ___ /(-r/ -/ 
AV 
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2.4.6 Inertia Effects 
This has already been discussed in Section 2 -3 -7 for which the pressure 
loss due to inertia effects is given by Equation (2.9) . For typical 
bearing designs# inertia effects for pocketed orifices have less impact 
on the pressure profile and the load capacity than is the case for 
inherently compensated bearings. 
2.4.7 Comparison Of Various Theoretical Models with aperiment 
The results from different theoretical models with varying degrees of 
refinements are compared with experimental data obtained by Mori and 
Miyamatsu (Ref . 2.4 
) for circular thrust bearings. 
7be following experimental parameters were used: - 
2Ro/dR = 7. -5 
do = 0.8 mm 
dR = 8.0 mm 
b= 1.0 mm 
Po/Pa = 3-0 
Two clearances have been considered - one which gives choked conditions 
at the throat of the orifice and the other resulting in subsonic conditions. 
Subsonic Flow 
The various theoretical models that have been considered are tabulated 
overleaf with the results for both theoretical and experimental load 
capacity. It can be seen that all the theoretical models considered give 
load capacities of a similar value, the variation being of the order of 
0 
only 77o. The highest load capacity is for case (1) which uses the pocket 
- 28 - 
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pressure Pp as the boundary condition to the bearing film, as per Equation 
(2.10). This model neglects secondary pressure losses, pressure recovery 
in the bearing film and inertia losses. 
Compared with the simplified analysis given by case (1), the effects of the 
various refinements are to reduce the theoretical load capacity. 
The effect of-taking into account the pressure loss at the curtain 
flow area 2Cd,, (b-tk) , 
[compare 
cases (2) with (3), (4) with (5), and 
(6) with (7 )] is to reduce the theoretical load capacity by less than 3%. 
The theoretical pressure profiles are compared with experiment in Figure 2-7- 
The theoretical results are shown for the case (1) where secondary pressure 
losses, pressure recovery and inertia effects are neglected, case (4) where 
secondary pressure losses, pressure recovery are accounted for but inertia 
effects are neglected and case (6) where secondary pressure losses, pressure 
recovery and inertia are considered. 
Choked Flow 
The various theoretical models are tabulated overleaf with the theoretical 
and experimental load capacities. The various theoretical models predict 
load capacities to within 15% of experiment. As can be expected, the 
greater inertia effects are present for the case of higher clearance, 
although quantitively it is relatively small when compared to the overall 
load capacity. The effect of taking into account the pressure loss at the 
edge of the orifice curtain flow area Xc(. (ý-t k. ) 
[compare 
case (2) with 
(3), (4) with (5)] is to reduce load capacity by less than 17o. 
The theoretical pressure profiles are shown in Figure 2.7 for case (1) 
which neglects secondary pressure losses and inertia, case (Z) which 
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CHOKED FLOW CASE W Newtons 
Case Analysis 
Secondary pressure Secondary pressure Tnertia losses Boundary pressure 
loss at entrance losses at orifice accounted for. to bearing film. 
to bearing film. curtain area and at Equation (2.9) 
Equations (2 18) & entrance 
to bearing 
j2.14) film. 
Equations (2.18). (2.1 5) 
1 No No No PP 16. o 
2 Yes NO No P6 15.2 
3 No Yes No Pt 15.1 
4 Yes No Yes Pt. 14.0 
5 No Yes Yes Pt 13.9 
Ebcperiment 14.2 
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includes secondary pressure losses but neglects inertia, and case (4) 'Which 
accounts for both secondary pressure losses and inertia. 
2.4.8 Conclusions 
It has been shown that the effects of the restrictors in series needs to 
be taken into account in the analysis of the restrictor losses. It has 
also been shown that, the analysis which neglects pressure recovery gives 
results which compare well with pressure profiles and load capacity and is a 
valid approximation. For greater accuracy, the analysis given which 
includes both pressure recovery and inertia can be employed but the 
improvement probably would not justify the effort for typical bearing 
designs. 
For the choked flow case, the refinement in the analysis to account for the 
orifice curtain area Kdo(b+h) has been shown to have little effect on overall 
bearing performance. For the unchoked case, this refinement in conjunction 
with. the secondary pressure loss gives the best agreement with experiment; ' 
2.5 General Conclusions, 
The simplified analysis which employs a coefficient of discharge in the 
isentropic, flow equation gives results which correlate well with experiment. 
in the case of pocketed bearingsp it has been shown that the most accurate 
flow model is that which accounts for both the pocket curtain area XdRh 
and the orifice curtain area 'Xdo(b+h). The latter flow area has the least 
effect on overall bearing performance. 
The advantage to be gained from neglecting pressure recovery, inertia 
effects and supersonic flow domains is that generalised design data can be 
obtained. Howevert to account for these effects, the relevent equations 
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have been presented. In such cases, knowledge of many other variables is 
necessary such as the bearing clearance and feeding diameter in order to 
calculate local Reynolds' Nizaber, inertia effects and where applicable 
positions of shock waves. 
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ONE DIMENSIONAL FLOW MODEL 
3.1 Introduction 
The early design methods for externally pressurised bearings considered 
that a row of orifices, could be represented by a line source. This, the 
simplest analytical model, assumed that the number of orifices in the row 
is sufficiently large to approximate to a continuous line source. Such an 
approach was adopted in the formulation of design data presented. by Tang 
and Gross (Ref. '3.1) and'Holster (Ref- 3.2). 
In this seetion, the-analysis of the one dimensional model is presented 
and it is shown how bearings can be optimised to achieve a maximum 
stiffness condition with reference to the analysis. 
3.2 Viscous Flow Analysis 
The simplified line feed solution provides an idealised case for which 
dispersion is neglected. The results from the analysis yield the maximum 
load carrying capacity and stiffness conditions that can be achieved. 
The basic assumptions are: 
s(a) The flow in the bearing clearance is assumed to be normal to the 
feeding plane. This implies one dimensional flow with pressure 
constant across the film and clearance'constant throughout the 
bearing. 
(b) For double admission bearings, the pressure between the inlet 
planes is assumed constant. 
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(c) The flow through the bearing olearance is assumed to be purely 
viscous without slip at the boundaries. This means that the gas 
inertia is neglected, a valid assumption for low Reynolds' 
Numbers. 
The flow equations relating to the above assumptions are presented from 
first principles. Consider the flow element shown in Figure 
Force due to pressure on face 2zx = -2zxdP 
Shear force on faces xdy = 2xdy, )- 
Equating forces gives: 
but: 
celf - 2F 
"7 
«'2 
Substituting gives: 
(! rZe, e, - -rl, -ej--, r) 
--Z 0 ezz 
4,5"f- ýý' 
Integrating across the film with -7 -0 at z= h/2 gives 
Al 2- 2-1 
This gives a parabolic velocity distribution across the bearing film. 
The mean velocity across the film is obtained by integrating the velocity 
profile across the film and dividing by the film thickness h to give 
. /2 7 
W- 7 
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The mass flow rate can be expressed as: 
/'ý l'? 
11: 
9 V,, ma^- **too 
(3-2) 
Substituting Equation(3-1)into (3.2) , assuming that the flow is 
isothermal (i. e. /O = P/4Tr) and substituting A= hx : 
*sees 
(3-3) 
/Z 
Introducing the boundary conditions of Pd at y=0 and Pa at y=Y 
2. 
_ 'le 
2. = 12 3e 7' 
..... (3.4) 
For two sides of the inlet plane (or planes), the total mass flow rate G 
is given by: 
6=2 4ý 
/OW. 2,7-6: 2 77 ..... 
(3-5) 
0 
The shape factor defines how the flow length dy varies with flow 
width x, thus 
(3.6) 
.x 0 
Therefore the total mass flow rate through the bearing clearance from the 
inlet planes to the atmospheric boundaries is given by : 
2,122- 
(3-7) 
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3.3 Equating Flows to Evaluate Pd 
The mass flow rate through an orifice is given by Equations (2.8) and (2-13), 
The total flow rate through all orifices in a bearing, with account made 
for Cd and resistances in series, is given by: 
-27; 
P., 
: Cor pocketed orifices 
zr(-l 4ý 4e7 
Y) 
fgr inherently compensated. orifices 
where for choked cond. itions 
and N= total numberof orifices 
=n for single plane admission 
2n, for double-plane admission 
Equa: ting flow rates: 
-vr 
-: 
4L (3-8) '7j lýEZ-71, Z171,01 "-/-Y! 
where 
and 
/is f 
4- xn 
. ýt 41 
I'-"Y 0ý -7-,, Y df- 
/ lov 
-for subsonic flow 
/1111 
ZI: 72- 
for. pocketed orifices 
for inherently compensated 
orifices 
for choked flow 
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3.4 Feeding Paxameter Arý and Pressure Ratio ýgo 
The term Asý is commonly called the feeding parameter and has been defined 
by M. T. I. (Ref. 2.11 This parameter gives a measure of the ratio of 
the pressure drop through the orifices-againtt the pressure drop through 
the bearing clearance at concentric conditions. The value indicates the 
degree of matching of the flow resistances. An alternative method is to 
express the pressure drops as Kgo thus: 
&I -0 zy 
For a given bearing design, the calculation of Asý is comparatively 
simpler than Kgo . Also, depending. upon the restrictor loss analysis 
employed, differing values of Kgo can be attributed to the same bearing. 
In addition, the effect of dispersion further complicates the analysis. 
These considerations make the selection of Kgo for a particular bearing 
design an arbitrary matter. By contrast, Asý7 is defined directly from 
the bearing geometry and is therefore a purely independent variable. 
The solution of Equation (3-8) for Pd/Po has been obtained by numerical 
techniques. The computational procedure employed was the Newton-Raphson 
iteration. A value of Pd/PO equal to 0.999 is initially assigned and 
the iteration commenced. This is done in order to ensure that numerical 
instabilities are prevented and that the solution converges correctly. A 
convergency test where values repeat to within 1x 107 
4. 
was found to be 
satisfactory in order to achieve an accurate solution, 
4 
The relationship between Aj and Kgo is shown in Figure 3.2 for Ccl=0.8 
and Y =1.4. It can be seen that for a wide range of Pd/Po ratios, the 
value of Kgo varies only slightly for a given -As 7 
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Pd/PO is plotted against 155; in Figure 3.3 for Cd = 0.8 and Y=1.4 
for various supply pressure ratios. 
3-5 Flow Rate 
Non-dimensionalising mass flow rate. to the following fo=: 
&,,, 7 je -/- ?ý 
gives a measure of the pressure drop through the bearing film as, from 
Equation (3-7) can be expressed by: 
/Z /"- 
(J 
also from Equation (3.8) 
-J 4sfC 
/ZJ 
/fr-r 
Figure 3.4 shows non-dimensional mass flow plotted against Ayý for 
Cd = 0.8 and X=1.4. 
Low values of As*9 
For choked flow 
A 
thus is linear with 4S 
High Values of As)F 
i4t -; 
/ Gb//... (/4)2} 
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1 3.6 Stiffness 
The film stiffness is primarily dependent upon the variation of Pd with 
h i. e. dPd / dh. A small eccentricity analysis has been performed in 
conjunction with the Newton Raphson iteration techniques mentioned 
previously. The results are shown in Figure 3.5 for a selection of 
PO/Pa values. It can be seen that an optimum As5 exists for which the 
sensitivity of the orifice downstream pressure Pd (with respect to film 
clearance) maximises. At this optimum condition, maximum stiffness at 
concentric conditions would be obtained. The values shown are applicable 
to the one-dimensional model for which dispersion losses are neglected 
and therefore the values given correspond to the maximum obtainable 
for bearings employing orifice restrictors. The concept of optimisation 
is clearly demonstrated from a purely theoretical standpoint. 
Maximum stiffness conditions (neglecting dispersion) are shown below for 
Cd = 0.8 and Y=1.4 :- 
Po/Pa 
Theoretical optimum A, 55 
for maximum stiffness 
(neglecting dispersion) 
2 0-825 
3 0.817 
4 0-795 
5 0-778 
8 0.754 
10 0.747 
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3.6.1 The Effect of Resistances in Series on Bearing Stiffnes 
In Sections 2.3.3 and 2.4.3 it-was shown, that the effect of resintancen in 
series was to modify the flow area as follows: , 
for pocketed orifices 
V/77 
for inherently compensated orifices 
where 
so for pocketed orifices (b - ho) >> do 
for inherently compensated. orifices 
In Appendix B the analysis is given which determines the effect of 
on the bearing stiffness at concentric conditions. The result is that 
.. le -- -, 
ý- (£ = (5? ) - 
/ -114- CF. 
/ 
. **so (3-9) 
P4 -io. (purely pocketed compensated) ;R --> / 
As 4 --> Gýe> (purely inherently compensated); R --> 312 
This means that bearings with pocketed orifices yield greater stiffness than 
those with inherently compensated orifices by a factor of up to 1-5. The 
mact value of this factor is given by Equation (3.9) above, and is 
dependent upon the orifice geometry employed. This is identical to that 
given by M. T. I. (Ref. 2.11 
) 
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3.7 Conclusions 
The analysis presented in this section assumed a line feed model for 
which dispersion losses were ignored. To achieve this, an infinite 
number of sources are required around the feeding plane or a small groove 
is employed to connect the orifices. However, when discrete orifice 
restrictors. are employed without a connecting groove, a pressure loss 
occurs between the inlet sourcesO -The theory is Inapplicable and the 
results over-estimate the bearing performance. However, the results 
presented for load capacity, stiffness, flow rate and downstream pressure 
provide-a theoretical idealised solution. 
I. 
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V%, 
THE APPLICATION OF COMPLEX POTENTIAL THEORY TO EXTERNALLY 
PRESSURISED GAS BEARINGS 
4.1 Introduction 
Using complex potentials, expressions can be obtained which describe the 
streamlines and the velocity potentials for any flow network. Typical 
references to this theory can be found in References 4.1 and 4.2. 
In this section, potential flow theory is described and used to obtain 
expressions for streamlines and velocity potentials for two dimensional, 
compressible viscous flow. Typical bearing configurations are considered 
and the flow networks relating to these are illustrated. 
4.2 Analysis 
A complex potential 
/ is an expression which describes the flow in 
terms of a complex variable B (where J3 =x+ iy). The real part of W 
gives the velocity potential 01ýnd the imaginary part gives the stream 
function q) - 
/e, 61 
/=0 "(x"O 
-ý- (: p (x. "O 
Consider a flow cube in rectangular co-ordinates as shown in Figure 4.1 
The density at the centre is 
//0 
and the velocities in the x, y and z 
directions are given by U, V and V respectively. The mass flow rates 
per unit area are shown. The net mass outflow in the x, y and z 
directions are given by : 
dx 
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Neglecting squeeze film terms ( i. e. assuming mass inside the control 
volume independent of time)p the total mass flow rate out of the cube for 
the conservation of mass is 
0 
j- (971-) 
-1, - c)6 
Neglecting flow in the z direction, i. e. assuming zero flow across the 
film thickness : 
ý 66 C) 60 
dx dy 
4.2.1 Stream Function 
Defining a continuous function 10 
(the stream function) as : 
/iZ 
For any flow network : 
dx 
c)çs' dX 1I ___ 
a 
Thus the equation of a streamline 0) is given by 
C) : z: z 0, ýp Z, -, 
d vý d, 
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which reduces to: 
A 
v 
L4- 
**see 
\(4.2)) 
4.2.2 Velocity Potential and Pressure Distribution 
I 
Defining a continuous function 01(velocity potential) as: 
ýx 
For any flow network: 
a'd 
C) 
. *see (4-3) 
Thus -the equation of constant velocity potential (d 0"= 0) is given by: 
wx 
which reduces to: 
--' / jZ5 co. j/zd 
(4.4) 
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Comparing Equations (4.2) and (4.4) it can be seen that the slope of a 
streamline at any point is the negative reciprocal of the slope of the 
velocity potential. 
For viscous flow: 
2c oe 7 e dp sa*oo (4-5) 
For incompressible flow, Equations(4-3) and(4-5) gives: 
0/=Z, 
/ + k, p 
?- 
le3 -, g 4 (ý ý, 
For compressible, isothermal flow Equations(4-3) and(4.5) gives: 
-ýZ, 
/ 
oe 1/2 
do0 
-ý-0 
/ 
c< //, 
0 d? 
/10 
2= ý's -, 1- e"d 
0/9 
99 et (4.6) 
The constants KlP K2 ,K3, and K4 are dependent upon the boundary 
conditions at the. edge of the bearing, the boundary conditions at the 
source and upon the bearing geometry. 
For both the incompressible and compressible case, lines of constant 
velocity potential correspond to lines of equal pressure. For 
incompressible flow Plis linear with P whereas for compressible flow 
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P" is linear with P2 . In practice this means that for any flow network 
lines of equal velocity potential can be interpreted as being either 
linear with pressure for incompressible flow, or linear with pressure 
squared for the compressible case. 
Streamlines however are unaffected by compressibility. For any flow 
network the streamlines are identical whether the flow be incompressible 
or compressible. 
4.2-3 Complex Potential 
The combination of the stream function and the velocity potential gives 
the complex potential -thus: 
W/= 0/. ý- ý ýp . 9ooo 
(4-7) 
where (4.8) 
To obtain the stream function and velocity potential, an appropriate 
expression of the complex potential W/ needs to be obtained in terms 
of J5 for particular flow networks. Subsequently, one of two methods 
can be employed. The first method is to differentiate 0/ with respect 
to 9 and equate the real and imaginary parts with u and v respectively 
using Equation (4.8). The stream function 
ý can then be obtained by 
integration of Equation(4.1) and the velocity potential 
01 by integration 
of Fquation 
An alternative method is to equate the real and imaginary parts of Oil 
with O'land ý respectively using Equation(4.7) . This method has been 
used in the formulation of the equations in the next sections. 
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4.2.4 Limitations 
The analysis presented is only applicable to the case of a constant 
film thickness z. This is directly applicable then to the case of thrust 
-bearings without tilt and to journal bearings at the concentric condition 
without tilt (no external load). 
4.3 Simple Flow Arrangements 
Two simple flow arrangements'are considered and expressions obtained for 
streamlines and the velocity potential. 
4.3.1 Source at Centre of Circular Thrust Bearing 
The complex potential is given by: 
2A- 
where m is the source strength 
The real and imaginary parts of a logarithmic function of a complex 
number can be found by: 
4 XL (., r Z4 
..... (4.9) 
13y using the relationship 
zr m /, (z 4. le 
4;, c 
ý9 94X -A,; ý = -e- 
i 
F, 
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Thus a constant velocity potential is given by circular lines at radius 
: ýEol 
-e I'm and streamlines represented 
by straight lines from the centre, 
of the source. 
4.3.2 Two Sources Close to Each Other 
Two point sources of equal strength m are'considered which are separated 
by a distance a' from each other. Fluid from the two sources is admitted 
into a small clearance between two infinitely large rigid surfaces. The 
flow configuration described gives the same solution as the case of a. 
source at a distance al/2 from a rigid boundary by using the method of 
images. 
The complex potential is found by superposition of flows (where m= 2-X) 
w/ =Z /' :Z -74 4- Z; - - (a- 
= /,, t z ,, - /, (0-a -/. c) - 
By equating real and imaginary parts: 
wl ýzý 2-7 Zz- yt 4- 
The flow network is illustrated in Figure 4.2 and shows streamlines 
drawn at increments of 'Rf/8 z-adians around the sources and lines of 
constant velocity potential. 
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Having examined simple flow arrangements the method outlined. is now 
extended for cases of typical bearing configurations with compressible 
flow. To calculate pressure levels, boundary conditions are included 
at the sources and at the edge of the bearing. 
4.4 Single Admission Journal Bearings 
The arrangement of sources and sinks which satisfies the boundary 
conditions is shown in Figure 4-3(a). The inlets are positioned at half 
stations (i. e. a/L =0.5) and are shown at position r/- 0. To obtain the 
appropriate boundary conditions, rows of sinks and sources are positioned 
alterna-t63-Y as shown. Sinks are positioned at a distance +L from the 
inlets (r/= + 1), sources at a distance + 2L from the inlets (r/= + 2) 
and so on. 
i. e. sources at 
?=0, + 2, ± 4, 
sinks at r'= ± lp ± 3t' ± 5p so .... 
The number of sources and sinks along each line (r"- constant) is 
considered infinite. This arrangement satisfies, the boundary conditions 
which are that the streamlines at x=+ L/2 
(the edge of the bearing) 
intercept the boundary at right angles. Also, the journal bearing is 
considered as an infinitely long plate in the plane of the sources with 
an infinite number of sources along its length. In doing so, identical 
pressure distributions are obtained between adjacent sources. 
Summing the complex potentials of the sources 
(r'- 0, ---o < k- < -ý6 ) gives: 
4) /_ - ^T /, -Z ,L/, [iz--, l(V! 7 z PC, 
I 
(4.1o) 
rr% 
Equation(4.10) can be re-written by subtracting: 
4 
eL ' ,g 
/' (a-9 Ze. 1"4(49 2 --, - 
/, 
' ci 
(a- 0) 2- -7, - .., 
j 
2- 7r i. IT 
to give: 
ý) 
/= r>ý /' ;f 
da- Zi( 
--t- /, 1/ -14 z2,... .j 
1ý0 
-Ufl 
4-Z? - k (ag 
The tPrm: Z 
Z ýz 
The derivation of Equation(4.11) is given in Appendix C. 
From sources (rl= 0, - -,: > <k-,, ' -. 0 
): 
4w 
/= 
P-z /' 
Z "v 
le 
ooo*o 
By extending this method of superposition to an infinite number of lines 
of alternating sources and sinks as shown in Figure 4-3(a) : 
2 7V 
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where 
;r Z). )! 'r.,;, ;; r ol JI JI 
***so (4-13) 
4.4.1-, ' Velocity Potential 
Using the identities given by Equation (4-7) and (4.9) and substituting 
Equation (4-13) into (4.12) along with: 
et .0 el J* 
CL 
gives: 
ý--0 i 
oý- . 172 d. ' /' i-, > -, r 
(Z 
AZ ý-q -i- s .;, -71 
Further substitution of 
2iJ11(. 'L) c4: X -/ 
si 
1 
X 
and rearranging gives: 
Alf 
Z 7/-2- 
- 52 - 
4.4.2 Film Pressures 
From Equation (4.6) : 
/P 
I 
ý-- "("3 -"- 'ý'4 
9ý1 
Substituting P= Pa at x= L/2 and y=0 gives : 
ýr-' (/ A2 
06 
rz 
7 
(ZI-2 
..... (4.14) 
Substituting P= Pd at x=0 and y= d/2 gives : 
(/ 
wo '5 a J. 44 if 
a ** 
Substituting Equation(4.15) into (4.14) gives : 
2 SZ 14 (4. le 
ZJX 
cor -4 
_L Tx 
ny XD 
where: N=n, L/D x= L- 7-2 XD a-n 
4.4.3 Strean Function 
using the identities given by Equations (4-7) and (4-9) and substituting 
Equation (4-13) into (4.12) gives : 
c>O 
2-7r' 
--2.. dp 
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4.4.4 Computation 
A suite of programs have been developed relating to this 'work. A discussion 
of the computation method employed is given in Section 4-7 and some examples 
of the computer programs used are given in Section 4.8. 
4.4-5 Flow Net 
9 
Figure 4-3(b) shows the flow network as a result of the above analysis. The 
bearing parameters relating to the flow network shown are: - 
L/D =1 
a/L = 0.5 
n=6 
Pd/Paý 
.5 
nd/D = 0.1 
Figure 4.3(b) has been plotted by an X-Y plotter under the control of a 
computer so that errors and resultant distortion due to the quantization 
levels are minimised. Although the flow net is symmetrical about both 
centre linesp the total flow net has 'been drawn for one complete source. 
This has been done to present a clearer picture of the flow configuration 
to the reader. In practice only one quarter of the net is necessary. 
Streamlines are illustrated at every X/12 radians around the source. Ilie 
transformation of purely radial flow from the source to axial flow at the 
outer edges is clearly demonstrated. Isobars are drawn every 0,2 Pa from 
the source to the edge of bearing. The isobars can be seen to change from 
circles at the source, transforming to a form that becomes parallel with 
the edge of the bearing. 
- . 
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4-5 Annular Thrust Bearing 
The geometry of the bearing is shown in Figure 4.4. The number of holes 
are equally-spaced on a pitch circle radius Rc where: - 
For this condition minimum flow occurs. Unlike the previous example where 
sources and sinks were taken directly from the bearing geometry, a conformal 
-transformation is applied to obtain a rectangular mesh of source and sink 
arrangements. 
The appropriate conformal transformation necessary is: - 
5=/,. L ( Z-) 
where =u+ iv ;Z=x+ iy 
r- This transforms the complex variable 9 into another complex variable 7 
t 
and is shown graphically in Figure 4.5 
The transformation gives: - 
u ln (R) v= () 
r -7; Cy = tarC'(y/x) where R 
Therefore a source positioned in the Z plane at R= Rc , and at 2x/n with 
the x axis transforms to u= In(RC) and v=2 X/n in the I plane. 
Rc - Ri transforms to ln (Rc/Rj) 
Ro - Rc it ln (RO/Rc) 
The solution is now similar to the case of the single admission journal 
bearing dealt with previously. The arrangement. of sources and sinks which 
satisfy thp bounPary conPitions is shown in Figure 4.6(a). 
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el 
By the method of sources ana sinks 
4) 
/= 
,n -2 
. 
17 ..... (4.17) 
4-5-1 Velocity Potential 
Using Equation (4.17)with the identities given by Equations (4-7) and (4.9) 
and rearranging gives: - 
'ec 
Further substitution gives: - 
ýC7 
lo' 
Z"ý 
4. 
_5.2 
Film Pressures 
Substituting the boundary conýitions: 
Pý Pat R= Rop o 
P= Pd R= Rep dn 
2RCX 
ONO 
(1-42Y-9 - fc*&i 
-Vf (/"7 P, cle 
where: N n, In(RO/Ri In (R/1ý, ), 0 
-)l )D 2Pýc 2 >F 
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4.5-3 Stream Function 
using Equation (4.17)with the identities given by Equations (4-7) and (4.9) 
and rearranging gives: - 
Ao. 
- 
-/ 714. -- 327 
2 
2 
The form of the equations which describe the streamlines and isobars 
are similar in form to that obtained for the single admission journal 
bearing. The only difference is that non-dimensional angle L9 replaces 
non-dimensional distance and non-dimensional radius: -r replaces 
non-dimensional distance Z 
4-5.4 Comutation 
I 
A discussion of the computation method employed is given in Section 4.7 and 
some examples of the computer programs used are given in Section 4.8. 
4-5-5 LloK wet 
Figure 4.6 (b) shows the resultant flow network as a result of the above 
analysis for the following bearing parameters: 
Ro/Ri = 
12 
Pd/Pa = 
n/2Rc = 0.2 
Figure 4.6 (b) has been plotted by a computer on an X-y plotter so that 
drawing errors are minimised. The total flow net applicable to one 
complete source is shownt although it is symmetrical about a radial 
centreline as in the previous example. Again, this has been done to 
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present to the reader a complete picture of the flow from one source. 
Streamlines are illustrated every 7/12 radians around the source. In this 
case, the radial flow from the source transforms to radial flow both 
towaxas or away from the centre of the bearing as it approaches the outer 
edges. 
4.6 Double Admission Journal Beari 
Figure 4.7 (a) shows -the a=rangement of sources and sinks which satisfy the 
boundary conditions for any a/L ratio. Two rows of inlets are positioned 
at a distance 'a' from the edge towards the centre of the bearing. To 
obtain the necessary boundary conditions, pairs ofosources and sinks are 
positioned alternately from the inlet planes as shown. 
By the method of sources and sinks as before: 
60 
/ 
zr , 1ý /- J--ý /ý /Z -"d gz - ý- OLY 
(4.19) 
4.6.1 Velocity Potential 
Using Equation (4.19) with the identity given by Equations (4-7) and (4.9) 
and rearranging gives: - 
2)"" 
-A 
/, 
n- /- (5Z C4-f W- 
-77 ji-I 
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4.6.2 Film Pressures 
Substituting the boundary conditions: 
/= /«. o .iZ ý/ i aýI m 
jZ ,1 ýo-, -' -; r> 
gives: 
/, = /"- , -A K1w 2- ýý t) >') 
)r'( ) 
*@es* (4.20) 
where 
22-V 
2, t 
AZz-- -P4 2 -: 2ý-cI7 - e-f ; rl - 
IA- 
eel 
74, /" ý C«IZ --b -: 37- . 
4.6-3 Stream Function 
using Equations (4.191(4-7) and (4.9) with rear-ranging gives: 
74ý An, 
2 
-fr 
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" 4.6.4 Computation 
A discussion of the computation method is given in Section 4.7 and some 
examples. of computer programs used are given in Section B. 
4.6.5 Flow Net 
Figure 4-7(b) shows the resultant flow network as a result of the abovi 
analysis. The bearing parameters relating to the flow network shown in 
Figure 4-7(b) are: - 
L/D 
a/L 0.25 
n6 
Pd/pa =5 
nd/D = 0.1 
Similar to Figures 4.6(byý and 4-3(b) , Figure 4-7(b) has been plotted 
using a computer to drive an X-Y plotter to minimise drawing errors. The 
flow net applicable to an axial segment is shown and shows symmetry about 
the axial bearing centreline and the centreline through the sources. 
Streamlines are illustrated at increments of X/IZ radians around. the 
sources and isobars are shown every 0.2 Pa from the source to the edges of 
the bearing. The isobars take a similar form to those discussed previously. 
4-7 Com_putation 
The question arises of how many summing terms are necessary to approximate 
closely to the equations given. In order to preserve the symmetry of the 
arrangement of sources and sinks, the ends of the series chosen must be a 
source in the case of a single row of inlets or a pair of sources for two 
plane admission. 
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Mori and Yabe (Ref. 4-3) suggest that for annular thrust bearIngs most 
cases can be solved by using only the r0 term. Lund (Ref . 
4.4) 
1 
also suggests that only the r0 term is significant for single admission 
journal bearings if d/D <41. It has been found that this approximation 
is not adequate for the ranges below: - 
/ -, Z: ý 1V3ý '9, /0 0 
o-o/ ,z -7t ce 
Z. 2D, iz 
Figure 4.8 shows the calculated pressure in line with the orifices 
(r= 0) at a position half-way between them (7= 1), for single admission 
joun-ial bearings as per Equation (4.16). It can be seen that as NS reduces 
more terms are necessary to achieve satisfactory convergence. It has'., been 
found that an adequate range for the number of terms is r"- + 6. For this 
number of terms, the values obtained for the film pressure converge to 
at least eight decimal places over the entire ranges given above for a 
source pressure of 5 atmospheres. 
4.8 Computer Programs 
A suite of computer programs have been developed for this work and are 
listed below: 
cpl - Calculates film pressures for single or double plane 
admission. 
Input : N5 , a/L, nd/Dt Pd/Pay 7t'y 
Output: Film pressure 
Cp2 - Calculates 7 at the intersection of an isobar with the 
-7 axis for single admission bearings. 
Input : Ng , nd/D, Pd/Pa, film pressure 
OutPut: *Ymax 
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CP3 - Plots isobars and streamlines for single admission 
bearings. 
Input : N; , nd/D, P 
/P from CP2, L/D or Ro/Ri, L or Ri 
Output: Streamlines at increments 7C112 and isobars at 
increments O. 2Pa 
CP4 - Plots isobars and streamlines for double admission 
bearings. 
Input :Ný, nd/D , Pd/Pa, a/L, L/D, L 
Output: As per CP3 
4.8.1 Computer Program for Plotting Isobars and Streamlines 
To demonstrate the techniques employed, the computer program CP3 is 
described. For plotting both the streamlines and the isobars, iterative 
methods have been used to find co-ordinates-E and7 for particular values 
of either P or pressure, 
Figure 4.9 shows the flow chart applicable to a single admission 
bearing (either journal or collar thrust) and demonstrates the method-iusdd. 
A given streamline ( V1 = constant) is defined by Ce-, the angle subtended by 
the streamline with the 7 axis. For this streamline, 7 is incremented and 
the corresponding values of Y are calculated and stored in an array until 
the boundary is reached. A plotting subroutine is called and the streamline 
is plotted. The streamline is mirrored about the-r axis and 7 axis as 
appropriate. 
In the case of an isobar, its shape can either be a closed form around the 
inlet or a form nominally parallel with the bearing boundary. The 
intersection of the 7 axis as calculated by CP2 defines the range for which 
corresponding values of 7 are calculated for the isobars. If 'the isobar 
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does not intersect the 7 axis, values of T are required for the complete 
width i. e. -y = 041. The values OfT and 7 are stored in an array and are 
plotted in a similar manner as that described for the streamlines. 
The iterative method employed is the Newton Raphson iteration. To 
illustrate this method, the equations derived relating to a single 
admission journal bearing are given below. 
For a given streamline (ý= constant) and T: 
where 
74ze%Z 
- 
2P2(/ 
/) =' (; E /- 2 -IS 
2 
For a given pressure ( 01= constant) andT : 
where 
. 
17- 
c>O 
. -b 
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C>a / 
47 5 s', ' 
Z /vf 
Ct/ Z *. 0 >- / / ' X* e"1. y--2r-9 -/ 
fiýt' 
-ozi" 7 7wf-, 
e 
72, 
A full listing of the computer program CP3 used for plotting the streamlines 
and isobars is given in Appendix D. 
4.8.2 Hyperbolic' Functions 
Cosh and sinh terms appear frequently in the computation. Often it is 
required to find the cosh and sinh of large numbers (> 50) which result 
in very large numbers (>2, x 1021 ). To prevent overflow in the computer 
the following approximations were used where B> 50. 
C SCI 2- (, e) = 0.0 
I'- CuJ 
/'I. c01, g_ c'J __'ý I 
I&-/, 
2 
= 
Jd 
A15 
These approximations give very little OrrOr. Using a desk scientific 
calculator, which gives numerical values down to 10-100 the calculated 
errors are zero. 
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4.9 Conclusions 
The use of complex potential theory provides a means to obtain analytically 
the film pressure's within a fluid film bearing. The examples considered 
were the single and double admission journal bearings as well as annular 
thrust bearings. 
The results from the complex potential theory provide a means to test 
approximate theoretical models, where tilt or non-parallel surfaces are 
excluded. These tests are conducted in preceding sections for the results 
obtained by the finite difference solution for journal bearings at 
9=0. 
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5. LINE FEED SOLUTION CORRECTED TO ACCOUNT FOR DISPERSION 
5.1 Introduction 
The one dimensional flow model presented in Section 3 is now extended 
to account for the dispersion losses that occur between the discrete 
sources, as shown in Figure 5.1. By the use Of complex potential 
theory it is shown how an appropriate line feed correction factor caiv be 
deduced from the salient bearing parameters. As a consequence of the 
dispersion losses that occur, it is shown how bearing performance is 
derated from the results applicable to the one dimensional model. 
The method used is that which has been previously suggested by Lund 
(Ref. 4.4 ) for journal bearings and from which the design data presented 
by M. T. I. (Ref. 2.11 ) is based. This method involves relating the line 
source pressure PL to the orificedownstream pressure Pd, as shown in 
Figure 5.1 by the factor 
1- thus: - ;L 
/, 2 
5-2 Determination of Factor 
To obtain the value of for a given bearing geometry, use is made 
of the equations derived from the complex potential theory given in 
Section 4. The pressure distribution around an inlet circumference 
I 
for the case of a single admission journal bearing is considered. ' 
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Equation (4.16) is written, with 0, as: - 
I 
04, 
/02. 
Alf 
IVIF (2 
oeo9o 
(5.2) 
Substituting the average value of P2 - PZ for the plane-Z= 09 Equation a 
(5.2) is written as: - 
Ckd 
1v 2. ý-y -/ 
"V.;, Y-9 - COS 
vf 2 
(2), ) - A4e 
-b 
:2 -cZ oooo 0. 
5.2.1 Approximate Solution 
Lund (Ref. 4.4 suggests that if'd/D <: ý 1, only the first term of the 
series given by Equation (. 5-3) (i. e. r"ý- 0) is significant. The integral 
becomes: 
ev 
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Furthermore, if IVý >, 3 -then 
AIF 
with an error of less than Vo 
0. li All --7/.. s. (5.4) 
The above equation is that quoted by Lund in Ref. 4.4 , and gives an 
approximate value of factor. The design charts given by M. T. L are /";, L 
based on the line feed correction factor equal to 0.67. A, 2- 
. 
5.2.2 More Exact Solution 
A more exact value has been calculated from Equation (5.3) - Small 
increments, d- were considered and for each value of A- the value of 
(A') 
was calculated for r' in the range + 6. These values were 
then summed by numerical integration to give 
ý/P. The values of 
used by M. T. I. and that from the computation are shown in Figure 5.2. 
It can be seen that for Al 
5, <6 or for ^ fIlD > 0- 2p the error 
incurred by the use of Equation (5.4) becomes significant. 
Due to the similarity of the equations derived from the complex potential 
theory, the values shown in Figure 5.2 apply for sW le admission 
journal, annular thrust and double admission journal bearings. 
A point of note is that M. T. I. in their Figure 5-5-17 plot Ný; 
ý; D for 0.67. in Figure 5.2 is plotted against 'dA 
against 7Ld/. " - This has been arranged in order to improve the 
presentation, as will become evident in subsequent sections. 
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5-3 Effect of on Performance 
Assuming viscOust isothermal flow, as given by Equation (3-7) , but now 
defining. the pressure around the inlet plane as a Une pressure PL, the 
flow through the bearing clearance is given by: 
(5-5) 
Substituting for P2, from Equation (5-1) d 
__ 
 77 . rdCJ, &/-(j 
The effect of upon the mass flow rate and Pd/PO is shown in 
Figure 5.3 As decreases, Pd/Po increases and mass flow rate 
reduces. Also from Equation 
(5.5) , PT/Po reduces, which in turn leads 
to a reduced load capacity. 
Equating the mass flow rate through the orifices with that through the 
bearing clearance gives: - 
Ar 
ew 
(5.6) 
where 
z/ 
for choked. orifices 
/1, 
-A -- for unchoked orifices X0 /170 
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Figure 5.4 shows Pd/Po and PI/Po plotted against 113ý for various 
with PO/Pa = 5. It can be seen that as 4S5 increases, greater 
disparity occurs between PI/PO and Pd/Po* 
With reference to Figure 5.4 : 
, 4s 
-7L 
At low values of As F (choked orifices); 
/11.1 
X L. = 4. 
/11 - 
5.3.1 Flow Rate 
Non-dimensionalising flow in the following form: 
"1 Gr 
(7.7 zlý 
- 70 -- 
4% 
Figure 
. 
5.. 5 shows results of G against As5 for various it 
can be seen that as As-5 increases, the effect of ý/; L on flow rate 
becomes more significant. 
To summarlse: - 
As 4iF ý> co 
At low values of . 4yE 
(choked orifices): 7 
(i. e. independent of ,X 
5-3.2 Load Capacity 
The effect of on load capacity can be demonstrated by considering 
a single acting annular thrust bearing where parallel film conditions 
exist. The load capacity would follow the trend shown by curves of PL/Po 
in Figure 5.4 . At low values of 
Asý little difference exists but 
as Xrf increases, the effect of 
ý/X becomes more pronounced. 
5-3.3 Stiffness 
The film stiffness is largely dependent upon dPL/dh. To demonstrate the 
effect of 
ý/x upon the bearing stiffness, a small eccentricity analysis 
has been made to determine the film pressure response dPt/dh. The 
results are shown in Figure 5.6 . 
It can be seen that as ; ý/X 
decreases, the maximum obtainable dPL/dh reduces significantly,. Which 
would result in lower bearing stiffness accordingly. Also of note is that 
the effect of reducing the value of ý/. (increasing dispersion) is to 
*0 
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reduce the optimum IJSý for maximum dP, /dh (and stiffness) conditions. 
The optimum values of AS5 are tabulated below: - 
PO/P 
1 
-- 
ý6- 
a 
1.0 0.8 0.6 0.4 0.2 
2 0.825 0.674 0-519 0.358 0.188 
3 0.817 0.665 0.512 0.354 0.189 
4 0.795 0.645 0.494 0.340 0.182 
5 0.778 0.630 0.480 0.329 0-175 
8 0.754 0.607 0.459 0.311 0.162 
10 0.747 
l 
0.600 0.453 0.305 0-155 
i 
For typical values of 
ýIx 
used in practice, the optimum feeding 
parameter for maximum stiffness would be in the range 0.45 <As ý 
<CL. 67 
as indicated above. 
5.4 Conclusions 
The method of obtaining the line feed correction factor from complex 
potential theory is given. It is shown that if only the first term of the 
series expansion is used as suggested by Lund 
(Ref. 4.4 ), the result 
only valid for particular ranges of bearing parameters. 
The data presented considers a wide range of values (viz. 0.2->l). 
This is more generally applicable than the analysis given by M. T. I. 
(Ref. 2.11 ) for which one specific value of ý'; 
,; I- 
( ýý - 0.67 ) 
was considered. 
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It has been shown that the value of Y; L significantly affects bearing 
performance. Flow rate, bearing load capacity, and stiffness have all 
been shown to be largely dependent upon the parameter 
ýX, 
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THE APPLICATION OF FINITE DIFFERENCE METHODS 
6.1 Introduction I 
Finite difference methods can be used to solve film pressures for either 
steady state or dynamic simulations of bearing behaviour. A review of 
-various methods has been made by Castelli and Pirvics 
(Ref. 6.1 ). 
An intermediate relaxation finite difference solution relating to zero speed 
conditions for-journal bearings which employ slot restrictors has been 
developed by Rowe and Stout (Ref. 6.2 Other methods include the 
Alternating - Direction - Implicit (A. D. I. ) scheme developed by Peaceman 
and Rachford 
(Ref. 6.3 ) which have been used for both steady state and 
dynamic analyses of journal bearings (Refs. 2.12 and 6.4 ) and for thrust 
bearings (Ref . 
6.5 ). 
The method developed by Rowe and Stout has been extended in this study to 
take accountý-of the discrete nature of the orifices and the effect of 
aerodynamic contributions. A comparison of this. method with results from 
the A. D. I. technique is given in Section-9-7 relating to journal 
bearings. The method presented in this thesis can be used to calculate film 
pressures for aerodynamic, aerostatic or hybrid operation. Alsol the 
technique can be applied to any type of bearing geometry which employs orifice 
restrictOrs, e. g. Journal bearings, collar thrust bearings and rectangular 
thrust, bearings. 
The equations used in the finite difference analysis to describe the flow 
through the bearing film in this work are based on the following assumptions: 
(a) The flow throughout . the entire bearing film is assumed to be purely 
viscous, ignoring slip at the boundaries. This means that gas 
inertia 
is neglected, a valid assumption for low Reynolds' Numbers. 
I 
(b) The gas flows through the bearing film at constant temperature 
(i. e. 
isothermal conditions). This implies that the heat generated by the 
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viscous shearing is efficiently dissipated -a valid assumption for 
small clearances and where bearing materials having high values of 
specific heat are employed. As typical bearings used in practice employ 
both small clearances and metal for the bearing faces, this assumption 
would be valid. 
(a) Pressure is constant across the bearing film. For the small clearan6es 
used in practice, the pressure would vary only marginally'across the film. 
6.2 Downstream Grid Points 
Figure 6.1 shows an elemental area within the bearing film downstream 
of the restrictor. The flow to the grid point can be expre I ssed as a 
combination of pressure induced and velocity induced flows acrossthe 
boundaries from the surrounding grid points. This implies one-dimensional 
flows with pressure constant normal to the flow directions. This is a 
valid assumption if the elemental area is small compared to the pressure 
gradient across it. 
The Pressure induced flow is given by: - 
-Old 
The derivation of the above equation is given in Section 3.2 
Substituting: 
1ý04 
gives AL =ZAw4, W& 
2-41-74<7 
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The velocity. indýiced flow is given by: - 
0 
, et Z= A 
zxt?, xe. - 9. oeu (6.2) 
The net flow to any point must be zero for mass flow rate continuity. 
With reference to Figure 6.1 summing flows to the point (itj) and 
equating to zero gives: - 
y 
-Y4 eýe j -71 
L- (-) --0 
The mass flow rates given by Equations ( 6.1 ) and ( 6.2 can be 
expressed with reference to the grid dimensions as: - 
(a) Pressure induced flow 
2-14 'lle7- 
, 
ý(. 
,- /) -3h (--t ,, j) 0, --, 
--i --. 
3() 
( 
- 76 ! -- 
[(-? (; j)j, 
6: 09 
0 
/ 
1( 
- 
/i()] /I'() . 
z 
I Velocity induced flow 
/, A 
rz- 
3, y -A11ý21 2 fe 
2fer 
The solution of any given bearing geometry involves summation of the 
pressure induced flows In addition to velocity induced flows, where- 
applicable, This analysis is only valid for the network shown in 
Figure 6.1 Typical examples for which this is applicable are: - 
(a) aerodynamic Journal bearings 
(b) slot entry bearings where the discreteness of feeding is 
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neglected and the slots are assumed to provide a continuous line 
feeding. 
(c) orifice restrictor bearings for the film clearance downstream 
from the restrictor. 
6.3 Grid Points Surrounding Restrictor 
The analysis presented in the previous Section is inadequate to account for 
the feeding region in the immediate vicinity of orifice restrictors as 
shown in Figure 6.2 . Special attention has to be paid to the modelling 
of this area in order to account for the discreteness of feeding. 
The'modelling technique used presumes that radial flow dominates to the 
surrounding grid pointstand that downstream from these points the flow Is 
represipnted as two dimensional flow as given in Section 6.2 . 
The total pressure induced flow from the restrictor to the surrounding 
grid points is given by the eight radial flow elements thus: 
[('i) (-'1] 
' f(j)-( »7 
74 ;t 
With reference to Section 3.2 each radial flow element is defined 
by m where: -'- 
2- 2- 7- 
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where p downstream grid pressure 
r radius 
R grid point radius (w. r. t. to*centre of source) 
& angle subtended by radial flow element 
d source diameter 
The integral 
2-x- //, j 
(' &, 0 
(9- ý, 
7 
Therefore the mass flow element is given by: - 
2$4*ýW7- fe- 
ýC 
In the case of a rectangular grid network shown in Figure 6.2 t 
Axial Direction 
4X 
2 6;, 4Z-T 
2-e 172 -7- 
lzý 
xz Xk 
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Circumferential Direction 
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/; ) r ___ 2 
2 6: 4 41-4.7 
-d ý ý7 
Diagonal Direction, 
4ill L11- 2 ý4 11 
) 
V""/ 
24,1 17ýe7' 
6-4z ,T- -2 /74, 2 4c-7' 
9: 
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6.4 Evaluating Pressure Profiles 
,, 
6.4.1 Orifice Bearings 
The computation technique used throughout this work is demonstrated for 
bearings with pocketed orifices in Figure 6.3 - In the case of inherently 
compensated bearingst, the, technique used was exactly the same. 
The procedure initially involves assigning restrictor downstream pressures. 
This can be accomplished by the use of empirical data from pressure 
profiles or from the analysis of a corrected line. feed model given in 
Section 5 o" The next step is to assign values 
to the film pressures 
to start the iteration' process. These are determined from the boundary. 
conditions of the restrictor downstream pressures, as previously discussed, 
and the atmospheric boundary. 
These initial values are initially 
calculated either Iýyl assuming a constant pressure gradient throughout 
or by calculating each grid pressure from complex potential theory. 
6.4.2 Solving Grid Pressures 
The-solution of a grid pressure is achieved by summing the flows to the 
grid points and equating to, zero. 
The equations are transposed to give 
the pressure at the respective grid point, as a function of surrounding 
grid pressurast grid dimensions and 
bearing surface speed if applicable. 
The order of relaxation is, from high pressure regions to the atmospheric 
boundaries, using the intermediate difference approach. After each point 
has been relaxed to an accurate pressure value relative to the surroundings, 
all the film pressures are 
tested in order to determine whether numerical 
convergence has been achieved. 
This process is repeated until the 
calculated film Pressures converge 
to within 1x 10-4 Pa. When this 
occurs# the film pressures 
that have been evaluated are those which give 
mass flow rate equality 
throughout the bearing film for the given boundary 
conditions. - 81 - 
6.4.3 Newton-Raphson Iteration at Restricto-rs 
For each restrictor, the total mass flow rates from the source to the 
surrounding grid points are calcalated, as well as the mass flow rates 
through each restrictor. For all restrictors, -these two mass flow rates 
are compared. From a Newton-Raphson iteration technique, new downstream 
orifice pressures are deduced which gives mass flow rate equality, thus: - 
Ma6s flow rate through restrictor = FLI 
Mass flow rate from source diameter = FLO = GFJ + GFI + GFJI 
where GFJ = mass flow rate from pocket in axial directions 
GFI = mass flow rate from pocket in circumferential 
directions 
GFJI - mass flow rate from pocket in diagonal directions 
Newton-Raphson iteration for mass flow rate continuity gives: - 
Al 
/2 v 
-0e74--, z; ) 
, ý, e74" LIld, 
The new orifice downstream pressures are compared to the old values. If 
the diffe rence between these values is greater than 1x 10- 
+ 
Po, then the 
boundarY conditions are changed to the modified values, and the grid 
pressures again relaxed. 
These iterations are repeated Antil mass flow rates and pressures equalise 
throughout the entire bearing. 
82 - 
6.5 Conclusions 
The use of the finite difference technique provides a versatile method for 
the solution of bearing film pressures. As a result of thist much 
relevant design information can be obtained relating to specific conditions 
that prevail such as non-parallel film clearances in journal bearings which 
arises at eccentric conditions, partioular design configurations such as 
non symmetric feeding arrangements and errors in manufacture. Much of the 
specific information that can be obtained from the finite difference 
method cannot be obtained from most other methods which are available. 
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PART C 
STATIC PERFORMANCE OF JOURNAL BEARINGS 
PART C- STATIC PERFORMANCE OF JOURNAL BEARINGS 
INTRODUCTION 
Aerostatic journal bearings can support rotating radial loads with extremely 
low friction within the bearings due to the low viscosity of the lubricant. 
This feature enables very high speeds to be obtained without incurring 
excessive-viscous frictional losses and also provides low static frictional 
torque, at zero speed. Applications which take advantage of this property 
include high speed spindle assemblies such as dental drills where speeds up 
-to 500,000, r. p. m. have been achieved,, 
Another feature of this type of bearing is that the averaging action of the 
surface finish and the geometric deviations enables high orders of rotational 
accuracy to be achieved. For this reason, aerostatic journal bearings are 
widely-used in roundness measuring machines and precision machine tool, 
spindles. 
Figure, 7-1 illustrates typical journal bearing designs. Gas Is admitted 
into the bearing clearance-through small diameter orifices. These can take 
the fo rm of either pocketed or inherently compensated orifices as shown. 
The pocket orifice design illustrated employs a pierced insert, press-fitted 
into a reamed hole to an appropriate depth below the surface of the bearing 
bore, and illustrates a typical design used in practice - although many 
other mounting arrangements can be employed. The inherently compensated or 
annular orifice is provided by simply drilling the walls of the bearing using 
an appropriate sized drill. 
- 84 - 
7.1 Literature Review 
The most simple and earliest analytical approach was the one-dimensional 
model in which the bearing was divided into discrete axial strips and the 
flow along these strips was assumed to be in the axial direction only. 
Typical design methods which have adopted this approach include Shires 
(Ref 7-1 TangandGross (Ref. 3.1 and Holster (Ref .'3.2 
Experimental work conducted in 1958 by Robinson and Sterry (Ref. - 7.2 
established that an optimum bearing condition could be obtained at which 
the load capacity was maximised. This Optimum condition was achieved by 
the matching of the-yarious bearing parameters, such as bearing clearance, 
orifice diameter and number of orifices per row. In order to correct the 
axial flow model due to circumferential pressure lossesp empirical factors 
were obtained. 
Shires (Ref. 7-3 ) extended this work in 1962 and, obtained a modified 
expression for circumferential flow which increased the accuracy of the' 
predictiOris * 
This early pioneering work, in conjunctionýwlth unpublished-work conducted 
at Southampton University in-the early 1960's,, provided theýfoundation for 
the first comprehensive design guide by Shires Published In. Grassam and 
Powell's book (Ref. 7.4 ) in 1964. This design method, gave data , 
principally for a high eccentricity ratio of Eý0.9, although information 
was provided to correct the design Predictions to lower Operating - 
eccentricities of 
E=0.1 and ýE-0.5. The effect on load capacity due 
to changing the number of orifices was presented as a series Of correCtion 
factors. The larger the number ofýorifices, the greater the load capacity. 
The design information presented by Shires was updated by Powell(Ref. 7.5 ) 
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in 1971 who gave design information specifically for the more modest 
eccentricity ratio of E =. 0-5. At this time the importance of dispersion 
losses was more fully appreciated. 
Greater understanding was provided by Dudgeon and Lowe (Ref. 7.6 ) who in 
1965 reported work undertaken on the effect of the gas flow divergence around 
feed holes. This effect was aptly named 'dispersion'. Employing the 
electrical analogue method, expressions (derived empirically) were presented 
to correct the axial flow model. Although this work had great potential, 
no further information in the form of design data has been published 
(private Correspondence 1974). 
In contrast to the design methods formulated in Britain by Shires and Powell, 
which were based mainly upon experimental studiest other design methods 
were developed elsewhere from a mainly theoretical standpoint. These 
further design methods were developed at a somewhat later date which can be 
attributed to the evolution of more modern analytical treatments and to the 
availability of high speed computers. 
In America, M. T. I. (Ref. 2.11 ) published a design method in 1967. The 
theoretical model used was a line feed moddl corrected to account for 
dispersion losses as discussed in Section 5. The analytical method 
was the small eccentricity-perturbation technique originally developed by 
Ausman (Ref. 7.7 ) in 1959 for self acting bearings and further extended 
for externally pressurised bearings by Lund (Ref- 7-8 )- This design - 
guide is the most comprehensive currently available and gives additional 
information which was absent in the data presented by Shires and Powell 
- namely guidance to avoid pneumatic 
hammer instability and specific 
guidance on the selection of the line feed parameters. 
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Constantinescu in Rumania also produced a design method in 1967*(Ref. 7.9 
f which like M. T. I., gave predictions using purely mathematical-echniques. 
However, unlike the model used by M. T. I., no account is made for the 
discrete nature of the feeding region., The results presented are therefore 
applicable, to bearings with a sufficiently large number of inlets to 
approach a line source feeding. The linearisation procedure used also 
limits the results to low eccentricities. 
A comparison of these design methods has been presented by the Author in 
1974 (Refs. 7.10 , 7.11 
), as well as references to other theoretical 
methods. -To conclude thisýwork, the accuracy of the design methods has 
been deduced by the Author in 1976 (Refs. 2.1 , 2.2 This has been 
achieved by comparison of the results from an experimental study with that 
of the design method predictions. It was shown that discrepancies and 
experimental trends existed which undermines the validity of the design 
information presented at this time. In particular, the existance of 
lock-UP I was experimentally observed for which limited reference was made in 
the design methods. A design method based upon these experimental studies 
has been presented by Pink and Stout (Ref. 7.12 in 1978. 
In view of the need for an accurate theoretical analysis of these bearings 
a theoretical study has been presented 
by Pink and Stout (Ref- 7.13 ) -in 
1980 which employs finite difference techniques. It was shown that by 
using a suitable restrictOr 
loss analysis in conjunction with an appropriate 
finite-difference grid network to account for the discreteness of feeding, 
good comlation was achieved 
between theory and experiment up to and 
including the effects. of-lock-up. 
Work conducted at Liverpool Polytechnic by Markho et. al. 
(Ref. 2.19 ) in 
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1979 has quantified the effects'Of misalignment and directionality on the 
performance characteristics of a double plane admission bearing having a 
length to diameter ratio of unity. The results from a study on the effects 
of inter-orifice variations has also been published in 1980 by Stowell et. al. 
(Ref. 7.14). 
Finite difference techniques have also been developed using the Alternating- 
Direction-Implicit (A. D. I. ) scheme originally proposed by Peaceman and 
Rachford (Ref. 6-3). The application of this method to journal bearings 
was made by Elrod and Glanfield (Ref. 2.12) in 1970 and further improvements 
on this theoretical method has been reported by Auburn (Ref. 7.15). Other 
applications of the A. D. I. method to journal bearing analysis include a 
theoretical analysis developed by Kazimierski (Ref. 6.4). 
7.2 Aims and SCOPe of the Investigation 
The bearings considered for this investigation are those with either 
pocketed or inherently compensated orifices. 
The aims of this study are 
1. To present various theoretical models, to discuss their limitations 
and to indicate the effect of changing various 
design parameters on 
-the bearing performance. - 
2. To compare the various theoretical models with experiment 
in order to 
deduce their accuracy and validity. 
To examine theoretically and to quantify the effect of various 
manufacturing errors on -the 
bearing performance. In order to verify 
this wOrko experimental results, for which the limits of manufacturing 
tolerances are known, are compared with appropriate theoretical values. 
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The experimental data which has been used for comparison with the 
theoretical predictions has been obtained by the Author (Ref. 2.2 
Markho et. al. (Ref. 2.19 and Grewal (Ref. 7.36 
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ANALYSES 
8.1 Calculation of Radial Load Capacity and Angular Torque 
A number of non-dimensional parameters concerning the radial loading and 
angular torque will be used in later sections dealing with bearing 
performance. To eliminate repetition, the computation procedure for 
calculating these' parameters is presented below. The procedures are common 
for all the theoretical models outlined. 
The geometry of a bearing subjected to a radial load W and an angular torque 
Tq is shown in Figures 8.1 and 8.2 
The local clearance is defined as : 
= 
Xo // #- Er (7f4#V L/ C0 - i)JJ JZc4v _z_z V 
Load Capacity 
,'/S, 
4 
using the grid notation shown in Figure 8.2 : 
-2- 
X 
- go - 
Non-dimensionalising to the form: 
I., .ý 
JA/ ;= 
A/ 
- 
L. b ('-&) 
gives: 
i, W. = 2 ýr Ttl co r 
/ Z? 
jý, 
07, 
- IýZ]6zvy 
. JP , fw 
Radial Stiffness 
The radial stiffness is given by: 
'. iý = cz w= --ýe w 
The stiffness is non-dimensionalised to the form : 
cz 
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Angular Torque 
Restoring torque is calculated by numerical integration thus : 
C. 's (9 
ZZ k/ ,j, o. S)7 
gTeoAq 
rv 
Non'dimensionalising to the form 
L) 
gives :I 
Ay 
Z- 
_Angular 
Stiffness 
The angular stiffness is given by: 
7: torque/radian where 
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Non-dimensionalising : 
kA 
8. -2 Line Feed Solutions 
Various simplified bearing analyses are presented for which the row of 
orifices are, for convenience, replaced by a line feed. The different models 
representývarying degrees of refinement. The mass flow rate through the 
orifices are represented by the simplified analysis given by Equations 
(2.8) and (2-13) - These equations assume that Cd is constant, and 
that effects such as pressure recovery, inertia effects and supersonic flow 
domains within the bearing film are neglected. 
8.2.1 One Dimensional Model 
,, 
The one-dimensional model provides an idealised case for which circumferential 
flow and dispersion losses between inlets are ignored. The results from 
this model provide information on the ultimate Performance of an idealised 
bearing in terms of load capacity and stiffness. 
The, general analysis for one-dimensional flow has been described in 
Section 3, - for-which the results relating to downstream pressure ratio 
Pdi (P 0 and non-dimensional mass 
flow rate 7 has been presented in 
FigUres 3.3 and 3.4' respectively. 
The shape factor 
ý 'as given in Section 3,2 is defined'ast 
=Y 
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4 
In 'this case t dy = dx and x D. For single admission bearing's Y= L/2 
and for two plane admission bearings Y=a. 
Thus: 
1-12- 
C 
F- f2! x 
0 
for single plane admission 
for double plane admission 
The film pressure at a distance x from the inlet plane is given by: 
Ir z 
This analysis-is applicable to bearings with short L/D ratios where 
circumferential flow is absent and also a 
large number, of inlets around the 
feeding plane, such that zero dispersion occurs. 
8.2.2 Line Feed Model 
The influence of circumferential flow is dependent upon L/D,, eccentricity 
ratio and bearing tilt. 
- 
^11 
yl+ - 
In order to account for two dimensional flow$ a finite difference method 
applicable for the case of the line feed model has been used to calculate 
bearing film pressures and, hence performance characteristics. 
With reference to Section '6 , the shape factors applicable to the 
finite difference grids shown in Figure 8.2 are as follows: 
64 
191, 
tle 
L zrv 
2. '75, r'/ 
The analysis was used in a computer program to calculate film pressures 
and bearing performance. The 
inlet pressures Pd/Po were initially set 
assuming only axial flow and grid pressures relaxed until convergence was 
achieved The flows through 
the restrictors were compared to 'those 
obtained from the assumed 
line source to the downstream grid positions in 
the axial directions. The inlet pressures were adjusted by Newton-Raphson 
iteration techniques to achieve mass flow rate equality and the grid 
pressures again relaxed. 
This process was repeated until equality of mass 
flow rates and, convergence in film pressures was achieved. 
8.2. j'C6rrected Line Feed Model 
To account for dispersion losses, 
the analysis presented in Section 
is reviewed with reference 
to Journal bearings. 
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The line feed I correction factor is given by Figure 5.2 where: 
n number of inlets/row 
N= total, number of inlets in bearing 
= L/D for single admission bearings 
= 2a/D for double admission bearings 
d/D = df/D for inherently compensated bearings 
I= dR/D for pocketed compensated bearings 
bearing diameter 
For the case of concentric conditions 
E,,. = 0 and Er- 0, the pressure profile 
has the form: 
7= A= 
k 
The analysis method used for calculation was the finite difference solution 
which has been previously described 
in Section 
The downstream pressure ratio Pd/Po and non-dimensional flow rate has been 
discussed in Section 5, with reference to Figures 5.4 and 5-5- 
8.3 F_inite Difference Solution 
Using finite difference methods previously described in Section 
6, an 
analysis Is presented 
for journal bearings. The analysis takes into account 
dispersion losses between the Inlet restrictors and clearance variations, 
For pocketed orifices, the restrictor loss analysis employed is -that 
defined by Equation (2.17) - This is the more representative model than 
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that used in the line feed solutions as recovery within the film is 
accounted for. AlZOP the value of Cd used is dependent upon Pp/Pop 
defined by Equation (2.11) . 
For inherently compensated orifices, the restrictor loss analysis as given 
by Equation (2.8) is used which neglects pressure recovery, inertia 
effe'cts and supersonic flow domains within the bearing clearance. 
The grid network used in the computation is shown in Figure 8.3. With 
reference to Section 6, the shape factors of the finite difference grid 
are given below: 
/11 Z"v 
cr4 
6.4 Ae 
Ye 
Z Cý 
Z: 2 
6ý4 er 1; 
74 
2; rbi 
-ve Te, 
' (4) 
-' 
ge- 
6,4 2 
- 97 - 
The initial values assigned to the restrictor downstream pressure were 
calculated from the corrected line feed analysis and the film pressures were 
calculated using the complex potential theory. It was found that the final 
calculated bearing performance was insensitive to the initial film pressures, 
However, by selecting more representative film pressures as initial values 
in the iteration process,, the number of iterations necessary to achieve 
satisfactory convergence was reduced and, as a consequence computer process 
time reduced. 
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DISCUSSION OF THEORETICAL RESULTS 
9.1 Introduction 
In this section, results from the various theoretical models are presented. 
The corrected line feed model-is used to evaluate the effect of the various 
design parameters on the bearing performance. This enables an indication 
of the significance of these design parameters to be determined. 
A comparison is also given between the results from the corrected line feed 
model with the finite difference solution and conclusions drawn as to their 
respective merits. 
9.2 Effect of Circumferential Flowand Dispersion 
The circumferential and dispersion losses are shown in Figure 9,, J for 
both single and double plane admission bearings. Non-dimensional load 
capacityp based on projected bearing area and supply pressure and hence a 
measure of the bearing efficiency, is plotted against L/D for a given 
eccentricity ratio. As L/D ratio approaches zero# no circumferential 
pressure losses occur and in the absence of dispersion losses. the bearing 
can be modelled from the one 
dimensional analysis. As expected, the effect 
of increasing L/D ratio 
is to increase the circumferential losses and to 
effectively reduce 
the bearing efficiency. 
The effect of dispersion is accounted for by the line feed correction 
parameter 
YX 
. This design parameter, which is calculated from n, d/p 
and L/D gives a measure of 
the dispersion losses. The effect of ýý on 
load/deflection characteristics is shown in Figure 9.2 . It can be seen 
that the bearing performance is significantly dependent upon the 
YX 
value. It is interesting to note 
that the percentage reduction in load 
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I 
capacity for a given 
ý/X value is almost independent of L/D ratio. 
This indicates the relevence of ýYX as a design parameter as its value 
can be used to give a measure of the dispersion losýes, in terms of a 
percentage loss, from the line feed model. 
9.3 Lock- 
Load capacity is plotted against E for various L/D ratios in Figure 9.3 - 
These results are from the line feed model as dispersion losses are absent 
As L/D increases, the load parameter reduces as discussed 
previously. The effect of eccentricity is to give a greater percentage 
reduction from the one dimensional model (viz. L/D--300). This implies that 
greater circumferential losses occur as eccentricity is increased, An 
important characteristic occurs as a result of this. The one dimensional 
model (L/D-> 0) gives a continuously increasing load as e increases. As 
E -> 1, the stiffness, although still positive, is relatively small. If 
the loss in load capacity due to circumferential flow increases with 
increasing F_ at a higher rate than the increase in load capacity as 
demonstrated for the one dimensional model (L/D-> O)v then bearing load 
will reduce as F_-> 1. This phenomenon is known as lock-up and manifests 
itself at high eccentricities by a sudden collapse when load is increased 
and is due to a negative stiffness region. It can be seen from Figure 9.3 
as L/D increasest bearings are more prone to lock-up. 
These characteristics are further explained with reference to film pressures 
in Figure 9.4 .A 
two plane admission bearing is considered and the film 
pressures in-line with the load and half way between the admission planes 
are shown in Figure 9.4(a), In the low clearance side of the bearing the 
one-dimensional model gives a continuously increasing film pressure as F, 
increases. The effect of circumferential flow is to reduce the film 
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pressure PH. At this point within the film the circumferential flow path 
has a converging shape as shown above whilst in the axial direction 
parallel film conditions exist. As E increases, the gas film is losing 
pressure due to circumferential flow at a faster rate, even though the 
orifice pressure is increasing. This effect becomes more pronounced the 
further downstream from the orifice and/or as L/D increases. 
The pressure differential across the bearing is plotted against E, in 
Figure 9.4(b). It can be seen that the pressure difference reaches a 
maximum and subsequently reduces. The eccentricity of this maximum need 
not coincide with the eccentricity at which lock-up occurs. Lock-up is 
dependent upon the integrated film pressures whilst Figure 9.4 shows 
only one sample pressure plane to demonstrate the effect. An important 
aspect of this work is that 
it has been shown that lock-up is predicted 
from a simple line feed model. As dispersion has been neglected, the 
existence of lock-uP is predicted 
from exclusively circumferential flow 
considerations. This has also 
been predicted for the case of slot entry 
journal bearings ly Rowe and Stout 
(Ref. 6.2 ) where a similar line 
feed model has been assumed with the absence of dispersion losses. The 
influence of dispersion losses around orifices can be expected to reduce 
the pressure differential and hence the bearing would be even more prone to 
lock-up. 
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9.4 Effect of Various Design Parameters on W 
9.4.1 Feeding Parameter A-t -ý_, 
Load capacity against As5 for various iE and PO/Pa are shown in Figure 9.5. 
The characteristic shapes of the curves are common to all journal bearings 
independent of L/D, a/L, Y ,,, and 
For different values of these 
parameters, the absolute level of V changes but the shapes would remain 
the same. Therefore conclusions regarding Figure 9-5 are common to all 
journal bearings and are not specifically applicable for the conditions 
shown. 
At the low eccentricity condition F_ = 0.25, the results can be used to 
deduce bearing stiffness with the assumption that stiffness is constant up 
to E=0.25. For this condition, the results follow closely those given 
in Section 3.6 dealing with sensitivity of dPd/dh as shown in Figure 
3.5 - It can be seen 
from Figure 9-5 that the optimum A. 5'5 to achieve 
maximum stiffness corresponds to those quoted in Section 3.6 . 
At higher eccentricities, the Optimum value of ASP to achieve maximum load 
capacity reduces. This bearing characteristic has also been found 
experimentally by the Author 
(Ref. 2.1). 
The effect, of As5 on loading eccentricity curves is shown in Figure 9.6 
At low values of Asý ( A'sý 4 0.1) the bearing exhibits increasing 
stiffness up to 
&: ýe 0.7. At higher values of llsý ( o. 5 >, Aj. >, l. o) 
the bearing exhibits reducing stiffness as F_ increases. At still higher 
values ( X. SF, = 10) the trend reverts back to an increasing stiffness with 
,E characteristic. 
These trends have been noted from experimental studies 
by the Author (Ref. 9.1). 
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9.4.2 Line Feed Correction Factor 
/ 
AL 
Load capacity at 0-5, is plotted against Asý for various 1/' 
.2 
in 
Figure 9.7 - It can be seen that significantly affects load 
capacity with increasing effect as A y, ý increases. As the value of 
reduces the maximum 
7reduces as well as the corresponding optimum A. S 
This has been discussed in Section 5.3.3 where OPtimum values of 
have been presented. 
9.4-3 Supply Pressure Ratio PO/Pa 
The variation of -9 for various PO/Pa values (at a given E and As 5 ), as 
shown in Figure 9.5 is relatively small for a wide range of A. %Y values. ;W 
The maximum variation for 
7 for AS3,,: > 0.1 is tabulated below: 
E- = 0.25 E=0.5 ýE = 0.8 
variation 
for P/P =2-. >B 
5.6% 
0a 
The effect Of PO/Pa on 
7/E for ASF, ý- 0.5 is shown in Figure 9.8 
.,, 
corresponds to approximately optimum conditions for This value of A s5* 
maximum load capacity. It can be seen that for the range Of PON shown, 
-7 the effect on /F is relatively small and is tabulated below: 
F=0.25 E=0.5 E. = 0.8 
%T variation 
6.2% 3.2% 
for PO/Pa 8 
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9.4.4 Iand Width Ratio a/L 
The effect of the number of feeding planes on load eccentricity 
characteristics is shown in Figure 9.9 . 
The ratios of load capacities 
are tabulated below: 
W for a/L = 0.5 
for a/L = 0.25 
2=0.25 1 1. =0 -5 
12=0.8 
0.734 1 0.727 1 0.719 
9.4.5 Type of Compensation 
Figure 9-10 shows the effect of the type of orifice compensation on the 
VIE characteristics. The ratios of V are tabulated below: 
ýý=0.25 E=0,5 0.8 
T W for inherently compensated 0.690 0.742 0.801 
V for pocketed 
As expected, the load ratio at low eccentricity approaches 0.667 which has 
been derived theoretically in Section 3.6.1 . At higher eccentricities, 
the load ratio increases. This is attributed to the fact that bearings 
with inherently compensated orifices have a lower pressure differential 
and as such exhibit lower circumferential losses in terms of their total 
load capacity. However it has to be borne in mind that inherently 
compensated orifice diameters df are usually smaller 
than pocket diameters 
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CIRO Therefore, for a given n, L/D and D the value of ýVI- applicable 
for inherently compensated bearings is usually lower than for the equivalent 
pocketed bearing. Therefore, the load capacity is proportionally lower for 
inherently compensated bearings due to their higher dispersion losses. 
9-5 Mass Flow Rate Against Eccentric ityRatio 
The effect of C on mass flow rate is shown in Figure 9.11 for a range of 
As, 5 values and differing types of compensation. It can be seen that at 
low values of AS O., l) mass flow rate varies only slightly 
over the entire E range. This is due. to the fact that all the orifices are 
choked up to 
C -- 0 . 59 f or pocketed orif ices and f or the entire range of 
F_ for inherently compensated orifices. 
At'the higher values of A45 equal to 0.5 and 1.00 the orifices at 
concentric cond 
. itions' are unchoked. At a Particular eccentric condition 
choking occurs in the high clearance side. For this condition, the mass 
flow rate is fixed for pocketed orifices and further increases in C do not 
affect the mass flow through the choked orifices 
(flow area = ?C do/4). 
However, for inherently compensated orifices further increases in result 
in increased choked flow rates accordingly (flow area -X df h). 
With reference to Figure 9-11 the mass flow rate for inherently compensated 
orifices is almost constant up to 
E <ý0.6. At higher eccentricities, mass 
flow rate increases slightly. For pocketed bearings mass flow rate reduces 
as E increases. The effect of 
increasing on the characteristics 
is to accentuate these trends. 
One implication of these trends is that it may be poszible to determine 
whether'a bearing is optimised correctly 
by examining flow rate/ 
characteristics and*thus 
deducing As'/S 
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9.6 Effect of Various Design Parameters o T. a Tc, 
9.6.1 Feeding Parameter 
Non-dimensional torque is plotted against A-s5 for various Y; _ 
is shown 
in Figures 9.12(a) and 9.12(b) for single and double plane admission 
bearings respectively. These two types of bearings differ in the way Asý 
influences Tqo 
For single admission bearings, the tilting occurs about the feeding plane 
where the eccentricityý ratio ý, Is specified as zero. The film pressure at 
this plane varies only slightly with E-r and can be determined approximately 
from the value of Asj and ý/; L as discussed in Section 5.3 and shown 
in Figure . 
5.4 Tq is dependent upon the line feed pressure PI/Po in 
the plane of the orifices and as a result, the curves of T-q against Af. 
for single plane bearings follow closely that for Pj/PO curves shown in 
Figure 5.4 The values of Tq shown in Figure 9.12(a) are independent 
of the type of compensation and apply for bearings with either pocketed 
or inherently compensated orifices. 
In contrast to this is the double admission bearing characteristics,, In 
this case , tilting affects 
the restrictor pressures at the feeding planeE6 
Unlike single admission bearings, the value of Tq maximises at an optimum 
As5 . This optimum value of 
ASý corresponds approximately to that for 
maximum load capacity at small radial eccentricity ratios shown by the 
curves for 0.25 in Figure 
9.5 It can be seen from Figure 9.12 
(b) that the value of ýI; L significantly affects Tq. The effect of Y; L 
on T. is similar in form to the effect on W. 
is plotted against C-r in Figure 9.13 for various Ary for double 
admission bearings. At low values of 
Asy ( Asý 4 0.1), the angular 
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stiffness increases with 6-r ; for Optimum conditions corresponding to 
maximum Tq shown by ASF = 0-5 and 1.0, the angular stiffness is nearly 
constant up to ET ý1 whilst for higher values (As 10) angular stiffness 
again increases slightly as L-T-increases. 
9.6.2 Length-to Diameter Ratio L/D 
Tq is plotted against L/D for a/L = 0.25 and 0.5 in Figure 9.14 for 
A55 0-5. 
IFor 
double admission bearings this value of AS'IF corresponds 
approximately to the optimum value for maximum Tq. However for single 
admission bearings it is pointed out that this value of Asý is not the 
optimum value to maximise7Fq - higher values of T., can be obtained at 
higher As5 values but with a corresponding loss of radial load capacity. 
9.6.3 Supply Pressure Ratio P. /P. 
The effect Of PO/Pa On Yq/16T characteristics are shown in Figure 9-15 - 
It can be seen that for the range of PO/Pa considered, the effect on-fq/6T 
is relatively small. This was the case for the V/E characteristic 
discussed in Section 9.4.3 . The 
% variations are tabulated below: 
F-T - 0.25 ET= 0.5 05T -1 
% T,, variation 
. 5.3% for PO/Pa =2 -> 8 
9.6.4 T_Vl)e of Compensation 
Figure 9.16 shows the effect of the type of orifice compensation on the 
/8T characteristics for double admission bearings. For single admission 
bearings, Tq is independent of the type of orifice compensation. 
- 107 - 
The ratios of Tc, shown in Figure 9.16 are tabulated below: 
ET "0- 25 1 -" 'T =0 .51Er=1 
T. for inherently compensated 0.726 0.752 0.785 
T for pocketed q 
These results follow closely those Previously presented in Section 9.4.5 
dealing with the effect on W. 
9.7 Comparison of Results from Finite Difference Solution 
with A. D. I. Method 
The results from the finite difference method used in this study has been 
compared with specimen results computed at Southampton University using 
the A. D. I. scheme described in Ref - 7.15 
An inherently'compensated 'journal bearing with the following parameters 
was investigated: 
L/D -1 
a/L = 0.25 
n 8 
PO/Pa 5-08 
df o. 66 
ho 30pin 
S. 5.5 
df/D 0-017 
Ac5 0-359 
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A comparison of the theoretical results for radial stiffness and load 
capacity is summarised below: 
II Finite Difference I A. D. I. I 
Method Used, I Method I Variation 
X(F, -> 0) N/pm 9.29 9.49 2.1 
w 0.5) N 143.0 148.9 4.1 
w 0.8) N 179.7 185.5 3.2 A 
predicted film pressures at 0-5 correlate to within 25 kN/m 2. (4 p. s.: L) 
for a supply Pre 
I ssure of 414 kNIM2 (60 p. s. i. ). 
It should be mentioned that the restrictOr loss analyses used differ, in 
that the-A. D. I. accounts for pressure recovery by the use of loss 
coefficients as discussed in Section 2.3.4 whilst the analysis used in 
this study employs a coefficient of discharge due to its simplicity. 
Despite these differences, and the fact that the two iterative techniques 
have been developed independantly, the results correlate remarkable well. 
9.8 Comparison of the Results from the Corrected Line Feed Model 
with the Finite Difference Solution 
The corrected line feed solution provides a convenient method to obtain 
generalised design information and to determine the effect of changing 
various design parameters. However, although the effect of dispersion is 
included in the analysis, there is some doubt as to the validity of this 
model due to dispersion losses in the immediate vicinity of the discrete 
sources when the local clearance varies. The finite difference solution, on 
the other handp treats the inlet flows as a number of discrete sourcesand thus 
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provides a more appropriate theoretical model. The question a3ýises: how 
do the results of these two theoretical models compare? 
To illustrate the differences and to present a comparison# a bearing with 
double plane admission, L/D =1 has been analysed. Various combinations 
of numbers of orifices, per row, n and pocket diameter to bearing diameter 
dR/D have been investigated. 
0 
Figure 9.17 shows the load eccentricity curves for varying n with dR/D 
fixed at 0.03. It can be seen that both the corrected line feed model and 
the finite difference solution give increasing load capacity as n is 
increased. This is to be expected as increasing n gives reduced dispersion 
losses. The corrected line feed model gives consistently higher load 
capacity than the finite difference solution, with reducing n and/or 
increasing F- leading to greater disparity. It can be seen that for n 
and E 4ýý0.5 good correlation exists between the two theoretical models 
- the maximum deviation 
being of the order of rffo. 
Figure 9.18 shows the results from the two theoretical models for varying 
dR/D with n=8. In this case, the maximum deviation of 7% applies for 
dR/D >,, 0.01 and E ! ý- 0-5. 
Figure 9-19 illustrates the combined effect of n and dR/D on load capacity 
o of each at 0-5. The two theoretical models agree within 
1W 
other for the following parameters: 
E -- 05 
n6 
dR/D >, - 
0.01 
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Increasing n or dR/D above these limits gives greater correlation between 
the two theoretical models. 
9.9 Conclusions 
It has been shown that by using complex potential theory, a corrected line 
feed,. model has been developed to-account for dispersion losses. This model 
has been used to illustrate the effect of changing various design parameters 
and to obtain generalised design data. Both load capacity and angular 
torque results have been presented. 
From this model, the Ihenomenon known as lock-up can be Predicted. With 
reference to bearing film pressures, it has been shown that circumferential 
flow induces lock-up and confirms previously reported experimental 
observations. Other experimental trends which have been reported have been 
demonstrated theoretically. These include: 
(1) The effect of Asý on load deflection characteristics 
(2) The effect of E on the optimum As ý 
The data presented considers a wide range of ! /X values which is an 
advancement on the analysis given by M. T. I. - for which the design data 
is applicable for only one specific value of 
Zx 
- 
The effect of supply pressure ratio on non-dimensional load'V and angular 
torque Tq has been found to 
. 
be small. For the range of PO/Pa between 2 and 
8 the effect on Tq and W has been shown to be less than 6%o for bearings 
designed at optimum conditions and operating at F- -4 0.5. This implies that 
T are valid design parameters for typical operating conditions, and -Fq 
This conclusio n validates the design methods given by Powell (Ref, 7-5 
and Pink and Stout 
(Ref- 7.12 ) where non-dimensional load parameters are 
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I 
assumed to be independent of supply pressure ratio. When compared with the 
effect that the line feed parameter 
ýý has on bearing performance, this 
would seem a reasonable assumption. 
A comparison between the results from the finite difference method used 
in this study with'those employing the A. D. I. method of solution gives good 
correlation. Howeverv only a limited comparison has been made and a more 
detailed study involving more comparisons are necessary in order to make 
generalised conclusions. 
A comparison has been given between the results of the corrected line feed 
model with the finite difference solution. Various combinations of n and 
dR/D have been analysed to illustrate the dispersion characteristics,, It 
has been shown that the two theoretical models agree within 10% for 
E 
_/_ 
0.5, n >,, 6 and dR/D >, 0.01. Outside these ranges the discrepancy 
increases. ' This is due to the local clearance variation in the immediate 
vicinity of the discrete-sources. For these conditions, it is expected 
that, the dispersion losses can be more accurately represented by the finite 
difference model. 
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10. COMPARISON BETWEEN THEORETICAL RESULTS AND EXPERIMENTAL DATA 
10.1 Introduction 
Toýdetermine the accuracy of the various theoretical models, the results are 
compared with experimental data. The experimental data used for the 
comparison have been previously obtained by the Author at Southampton 
University (Ref. 2.2 ) and at Leicester Polytechnic (Ref. 10il ). Other 
experimental data for the comparison is that obtained at Liverpool 
Polytechhic by Grewal et. al. (Refs. 2.19,7.16) . 
10.2 Pressure Profiles 
10.2.1 Concentric Conditions 
Experimental and theoretical pressure profiles relating to concentric 
conditions are shown in Figure 10.1 . Each diagram relates to specific 
bearing conditions and pressure profiles are shown for both the axial and 
circumferential directions. The various bearings considered are tabulated 
below., 
Fig. 
No. 
L/D a/L n d/D PC)/Pa. Pockete'd (PC) 
or Inherently 
Compens'd (IC) 
sourcc) 
Ref. 
10.1(a) 16 0,5 05 0-031 3.04 PC 2.2 
10.1(b) - 3.08 
10.1(c) 1.0 0.5 8 0.031 3-04 
10.1(d) 5.08 
10.1(e) 1.0 0.25 8 0.031 1.68 
10.1(f) 3.04 
10.1(g) - 5-08 
10ý1(h) - 7-80 
10.1(1) 1.0 0.25 8 0-017 5.08 
10.1(j) 1.0 0.25 8 0-050 3.67 PC 7.16 
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The parameters varied include -L/D, a/L, n, d/D, PO/Paltypes of compensation 
in addition to ý, and Asý . As many design parameters have been varied 
generalised-conclusions can be made regarding the correlations between 
theory and experiment. 
For Figures 10-1(a) - (i) the experimental data relates to that obtained 
by the Author (Ref. 2.2 ) The bearing film pressure was monitored by a 
pressure transducer located in test shafts behind a small diameter ( 0.06mm) 
pressure tapping. The test shaft was motorised to give a slow scanning 
speed either axially or circumferentially. Both axial and circumferential 
positions were monitored by plastic coated potentiometers and, together with 
the output of the pressure transducer, were connected to an X-Y plotter to 
give a complete pressure profile in either direction. The experimental 
data shown in Figures 10.1(a) - 
(i) are therefore of the form of continuous 
curves. The results from the two theoretical models are shown - the complex 
potential theory as presented in Section 
4 and the finite difference 
solution. 
In the axial direction, two planes are considered - one under an orifice 
and the, other midway between orifices. In Figures 10,1(a) - 
(i) 
, the 
experimental axial pressure profiles are shown 
for a number of circumferential 
positions. The pressure profile giving 
the highest pressure level 
corresponds to the plane 
in-line with an orifice; the lowest pressure level 
to a position midway between orifices. The experimental profiles have not 
been traced or modified and are presented in their original form to preserve 
their authenticity. Close to the orifice, predicted pressures are generally 
greater than those obtained experimentally. 
Thid can be attributed to 
inertia effects local to the restrictor, which are particularly evident for 
the inherently compensated bearing shown in Figure 10.1(j) . 
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The correlation between the results obtained from the complex potential 
theory and the finite difference theory is extremely good in both directions. 
As the complex potential theory is an exact solution, a conclusion is that 
the finite difference grid network around the discrete sources is a valid 
model to account for local pressure drops. The validity of various 
modelling techniques around sources has never been established and therefore 
the conclusions reached concerning this area are an important aspect of 
this work. 
It is pointed out that the restrictor pressure Pd is calculated as part of 
the overall solution for each theoretical model. For both Pd and bearing 
film pressures, theoretical results compare well with experiment. 
The experimental data shown in Figure 10.1(j) was obtained by Grewal 
(Ref - 7.16 The radial clearance 
for this bearing was determined by 
two methods. The first from measurements of the bearing housing and test 
shaft. From this method, a radial clearance of 35-5)am was deduced. 
However, the available movement between shaft and bearing was measured as 
63. o ;mt indicating a radial clearance of 31-5., Um, 
4 )m lower. In the case 
of the Author's experimental 
investigation reported in Ref. 2.2 t it was 
found that the indicated free movement of the test shaft within the bearing 
was largely dependent upon 
the cleanliness of the bore and shaft. Typical 
discrepancies between the two methods were typically in the range of 1-6, um 
on diametrical clearancep a similar order was 
found by Grewal. 
The experimental data obtained by Grewal is compared with theoretical 
results (from the finite 
difference solution) applicable for the two 
clearances deduced i. e. 
ho = 31-5 pm and 35.5 um. 
From Figure 10.1(j) it can be seen, that the clearance of ho - 35-5 )am gives 
the better correlation. 
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10.2.2 Eccentric Conditions 
Figure 10.2 compares theoretical and experimental pressure profiles for 
eccentric conditions. 
Figure 10.2(a)- -(e) show circumferential pressure profiles relating to 
experinental data obtained by the Author (Ref. 2.2 for L/D -1 with 
double plane, admission. Bearings with pocketed orifices are shownin Figures 
10.2(a) - (d) for various supply pressures; inherently compensated 
orifices are shown in Figure 10.2(e). Two theoretical models are sbown, the 
corrected line feed model and the finite difference solution. As illustrated 
in these figures, the corrected line feed model neglects the discrete nature 
of feeding although it includes allowance for dispersion. For this reason, 
this method is sometimes referred to as a 'smeared profile'. The 
theoretical results from the finite difference solution compare well with 
those obtained experimentally for pressure profiles, load capacity and mass 
flow rate. The results from the corrected line feed model tend to 
over-estimate load capacity and under-estimate flow rate. The discrepancy 
is within 157o and although this method can give large errors in the 
prediction of film pressures, 
the calculated'load capacity and flow rate 
are within reasonable 
tolerances if this method is used to give approximate 
design information. 
Figure 10.2(f) - (9) compares experimental data obtained by Grewal with 
theoretical results from the finite difference solution for the limits of 
the radial clearance. Figure 10.2(f) relates to the plane of the orificesi 
Fi. gur'e 10.2(g) to the bearing pentreline. As shown in Figure 10.1(j) , for 
concentric conditions, an assumed clearance of 
ho pm, gives the better 
correlation between theoretical predictions and 
Grewal's experiments. 
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10.3 Load / Deflection 
Figure 10.3 compares'experimental load deflection characteristics 
(Ref. 2.2 ) with the-theoretical results from two models - the finite 
difference solution and the corrected line feed model. Figure 10.3(a) refers 
to bearings with pocketed'orifices; Figure 10-3(b) to inherently compensated. 
It can be seen that the-corrected line feed model over-estimates load 
capacity - with increasing F, giving greater error. Up to 'S - 0.5, the- - 
corrected line feed model gives load capacity to within lWo of that 
determined experimentally. The finite difference solution gives better 
correlation with experiment - typically within 
4%o. 
Figure, 10.4ý Plots load capacity for various -E against Asý . Both 
experimental and theoretical results 
(applicable to the finite difference 
solution) are shown. The results for pocketed orifices are shown in Figure 
10.4(a) and for-inherently compensated orifices in Figure 10.4(b). The 
experimental data is taken from Ref. 2.2 and numerical values together 
with the theoretical predictions and the percentage error is tabulated in 
Table 10.1 and Table 10.2 respectively. It can be seen that experimental 
and theoretical values correlate well for a wide range of supply pressures 
I 
and A55 - 
Within the range of 0.2 
<A5ý< o. 9, the % variation between theory and 
experiment for PO/Pa 
> --3, C4 is given below: 
pocketed inherently 
compensated 
(E -> 0) 
+ 7.3 % + 7.4% 
11.5% - 13-7% 
0 -5) 
+ 6.9 % + 7.1% 
7.3% - 3.6% 
w 0.8) 
5% + 11.3% 
1.4% % 
Theoretical load deflection characteristics are compared with Grewal's 
experimental results in Figure 10.5 - Similar to the comparisons made for 
pressure profiles, it would appear that the theoretical model assuming 
ho = 35.5)um gives the better correlation with experiment. 
10.4, Mass Flow Rate 
The experimental mass flow rate at 
9=0 obtained in Ref. 2.2 is tabulated 
in Table 10-3 and 10.4 with the finite difference results and the percentage 
error. Table 10.3 refers to pocketed orifices; 
Table 10.4 to inherently 
compensated orifices. 
Within the range of 0.2 <, ls5 -cý0.9, the % variation between theory and 
3,, 3.04 is given below: experiment for FO/Pa >, 
pocketed inherently I 
compensated 
0) 
+ 10.0% + 6. o% I-4.5 
%'I- 2-4.2 % 
Experimental mass flow rate against eccentricity by Grewal are compared 
with the finite difference values 
in Figure 10.6 . The theoretical 
results for ho = 35.5, Lm give 
the better correlation with experiment. 
10.5 Stiffness 
/ Deflection 
The variation of experimental stiffness/deflection data obtained by Grewal 
are compared with the finite difference predictions 
in Figure 10-7 - 
Again, the better correlation applies to the case for the theoretical 
values applicable 
to the higher clearance of ho 
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10.6 Torque Tilt, Characteristics 
Figure 10.8 - compares experimental torque/tilt characteristics (Ref. 2.2 )- 
with theoretical results. 
For the double admission bearing shown in Figure 10.8(a), the results from 
two theoretical models are shown - the finite difference solution and the 
corrected line feed model. It can be seen that the two theoretical models 
give good correlation with experiment, with the finite difference solution 
giving the more accurate predictions. 
For single admission bearings shown in Figure 10.8(b), experimental torque 
, tiffness is compared with 
the results from the corrected line feed model r 
and the predictions from M. T. I. design charts. It can be seen that the 
M. T. I. predictions significantly over-estimate torque stiffness, This 
point has been previously noted by the Author in Ref . 7.12 . The results 
from the corrected line feed model are shown to give more accurate 
predictions. 
Figure 10.9 compares theoretical torque/tilt characteristics with 
experimental results obtained 
for double admission bearings by Grewal. It 
can be seen that the 
theoretical results for ho ý 35.5, um give better 
correlation with. experiment. 
10.7 B_, --arirtg Film, 
Pressure I 
Figure 10-10 compares experimental film pressure/deflection characteristics 
for slot bearings obtained by the Author 
(Ref. 10-1 with the theoretical 
results from a line feed model 
(Ref, 6.2) An important characteristic 
is that as eccentricity increases the film pressure in the low clearance 
side of the bearing 
PH reaches a maximum value. A further increase in 
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eccentricity results in a reduction of film Pressure - which Is both 
theoretically predicted as well as experimentally observed. The pressure 
differential across the bearing is plotted against eccentricity in Figure 
10.10(b). It can be seen that the pressure differential reaches a maximum 
and subsequent increases in eccentricity gives a reducing pressure 
differential which leads to look-up. As slot bearings do not suffer 
significantly from dispersion losses, the reduction in film pressure 
that occurs in the low clearance side is due to exclusively circumferential 
pressure losses. The implication of this is that even if an orifice bearing 
were manufactured to give a line source feeding (for example with a 
circumferential groove connecting the orifices), the bearing would still 
exhibit lock-up if L/D was sufficiently large (e. g. L/D >v 0-5), 
Figure 10.11 compares experimental film Pressure/deflection characteristics 
for orifice bearings (Ref. 2.1 ) with the theoretical results from two 
models - the finite difference solution and the corrected line feed model, 
The trends shown are similar to those discussed for slot bearings, except 
that the collapse of the film pressures Occurs more severely, due to the 
influence of dispersion losses. The corrected line feed model gives an 
over-estimate of the pressure changes with eccentricity, whilst the finite 
difference solution gives a better representation. 
Experimental results for film pressure differential against load capacity 
obtained by Grewal are compared with finite difference predictions in 
Figure 10.12 . The 
theoretical data shown indicates that clearance changes 
do not significantly influence the resultant film pressure 
differential/loading characteristic, The predicted fall of the film Pressure 
differential at high loadings was not observed although this characteristic 
has been experimentally noted by the Author (Ref. 2.1 ). 
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10.7 Conclusions 
It has been shown that the finite difference solution gives accurate 
predictions for bearing film pressures including the area local to the 
sources. The results compare well with both experiment and the predictions 
from the complex potential theory. This indicates that the modelling 
technique used in the finite difference grid network around the sources is 
a valid theoretical method to account for the localised dispersion. 
The predictions from the finite difference solution compare well with those 
obtained experimentally for load capacity, flow rate, radial stiffness and 
restoring torque. Both experimental data obtained by the Author and 
-that obtained independently at Liverpool Polytechnic have been used for 
comparison. 
The predictions from theýcorrected-line feed model have been shown-to give 
reasonably accurate results for bearing characteristics at 0-5v with 
discrepancies between theory and experiment being less than This model 
is more convenient to use than the finite difference analysis as generalised 
design data can be obtained. For the case of single plane admission bearings, 
the predictions for torque stiffness are shown to give greater correlation 
with experiment than the data presented 
by M. T. I. 
In cOntrasto the finite difference solution gives a unique solution for a 
particular set of bearing variables. This method 
is more applicable to 
cases where greater accuracy 
is required in the prediction of bearing 
performance, and is particularly useful 
for the analysis of manufacturing 
errors- 
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11. ANALYSIS OF MANUFACTURING ERRORS 
11.1 Introduction 
In the previous section, it was shown that the finite difference solution 
gives an accurate theoretical model. Having established a theoretical 
technique which provides close correlation with experiment, it is now 
possible to investigate analytically the extent to which errors in 
manufacture affect bearing performance. 
Inevitably even bearings which are manufactured to very high standards will 
contain small deviations from the design condition. These variations, 
although small in size terms, are likely to to be large when considered 
in relation to the designed bearing clearance. It is the relationship 
between the flow characteristics of the control device, in this case 
orifices, and the flow through the bearing clearance which substantially 
affects the load and stiffness characteristics of the bearing. 
Errors in bearing clearance due to the application of manufacturing 
tolerances to journal and sleeve diameters in addition to errors in form, 
such as taper and out-of-roundness, affect the bearing performance. 
other errors can include errors in orifice diameter, mismatched orificesp 
bearing misalignment and local rising around the pocket when Inserts are 
press-fitted. 
The aim of this section is to present in useful graphical form the quantitive 
effects of such errors on bearing load capacity. The study is confined to 
journal bearings having Pocketed orifices. 
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11.2 Variation of Load Cavicity witil Orifice DiametOT' 
and Bearing Clearance 
It has previously been shown that non-dimensional load CaPacity W varies 
with feeding parameter As5 '. Figure 10.4 discussed in Section 10 P 
illustrates that good correlation exists between theory and experiment for 
a wide, range of feedingýparameters and for eccentricity ratios up to 
G- 
An important characteristic of Figure 10.4 is the existence of maximum ý 
load capacities which occur in the range of 0-34--Asý e- 0.5. The optimum 
value of ASý is, achieved by the correct selection of orifice diameters 
do and bearing radial clearance ho thus: - 
ý4 lo 
ý11, o-, Fo2- 
(for good design 0-5) 
To achieve both high stiffness at small eccentricities and good load 
capacity at high eccentricity, the design-value for the feeding parameter 
has been suggested previously at 
Acý = 0.42 (Ref - 7-12 
11.2.1 Variations in Bearing Clearance 
Figure 11.1 demonstrates how load parameter W is affected by variations 
in clearance from theýdesign condition 
(I. e. AS 5; - 0.42). The horizontal 
ay . is shown 
is the ratio of the bearing deflection e to the optimum 
clearance ho 
(Opt)- Hence for the variations of ho of -2CVo' and +20/1o, the 
ratio e/ho 
(opt). has a maximum value of between 0.8 and 1.2 respectively 
corresponding to 
touch-down conditions. 
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It can be seen that two effects come into play - available bearing movement 
and load capacity. As ho is decreased, less available movement is possible 
from the concentric position. In addition lower load capacity is achieved 
for a given eccentricity ratio; but this is off-set by the reduction in the 
clearance, resulting in slightly higher atiffness at low eccentricities, 
and has been discussed previously 
(Ref. 7.12).. Maximum concentric stiffness 
is achieved at approximately h/hO 
(opt) = 0.85. 
As I clearance is increased from ho (opt) the maximum load capacity is 
marginally increased although concentric stiffness is much reduced. In 
general it is preferred to have manufacturing variations leading to slightly 
smaller clearances if stiffness is a major consideration. If maximum load 
is the major consideration then manufacturing tolerances leading to small 
increases in bearing clearance are to be prefer-red. - 
11.2.2 Variations in Orifice Diameter 
Figure 11.2 illustrates how variations in do affects load capacity. 
Although small reductions in orifice diameter slightly improve load 
capacity at high eccentricities, stiffness at low eccentricities is 
marginally reduced. Increasing orifice 
diameter causes a reduction in 
both load capacity and stiffness. It should be noted that the variation 
in load capacity at an eccentricity ratio 0.5 is very small for the 
values of do shown in Figure 11.2 
For do/do (opt) between 0.8+1.2, the 
load capacity is within 5% of that achieved for the Optimum conditions. It 
can be seen from Figure 
11.2 that, in general, it is better that errors 
tend to give undem-sized orifices because Of the increased protection 
against overload conditions. 
- 124 - 
11.3, Mismatched Orifices 
The effect of mismatched orifices is an important aspect to consider as 
variations can occur in the diameter of orifices. In the case where 
'bought-in' jewels are employed, variations in size can exist within the 
same batch. 
When orifices vary in size and these variations are not equal and opposite, 
the jouxmi takes up a null position which does not coincide with the 
geometric centre of the bearing sleeve. Numerous combinations of errors 
are possible and the magnitude of their individual effect are varied. 
Figure 11 .3 
(a) illustrates the extreme effects of selected - combinations of 
mismatch on the load deflection characteristics from the null position. 
jjt can be seen that up to deflections Of 0-5 ho, mismatched orifices have 
minimal effect on loading characteristicsg but at greater deflections large 
differences occur. This has also been found experimentally by Stowell et. al. 
(Ref. 7.14). The available deflection and the maximum load capacity are 
dependent upon both the degree of mismatch and the relationship of the 
mismatched orifices to the loading direction. 
Figure 11.3(b) summarizes the -effect of mismatch on eccentricity at zero load. 
Mismatch in orifices normal to, 'thq-direction. of loading will cause a 
displacement in that plane, but such effects will have minimal effect on 
the displacement in the direction of loading. 
Figure 11.3(a) when used in conjunction with Figure 11,3(b) allohm a full 
assessment of the effect of orifice variations t'O bO evaluated for the 
extreme cases. 
As a final comment it may be possible to purposely. mismatch orifices to 
achieve effectivqly a pre-loaded bearingo thus enhancing load capacity in 
one direct: iOn- 
11.4 Form, Errors 
During the manufacture of the journal and sleeve diameters, errors in 
cylindricity occur. The most significant of these errors include parallelism 
(which can take the form of taper, bellmouthing or barrelling) and roundness. 
Although Small in absolute size terms, these errors can be large when 
considered in relation to the design bearing clearance. 
11.4.1 Non-Parallelism 
arance for the conditions of The equations which describe the bearing cle 
taper, bellmouthing and barrelling are given in Appendix E The effects 
of these various geometries on load capacity are shown in Figure 11.4 and 
compared to an idealised bearing without errors. ho is defined at the datum 
shown and refers to the average radial 
bearing clearance. The degree of 
non-parallelism specified refers 
to the maximum deviation of the clearance 
along the bearing expressed as a percentage of 
the average clearance. 
For examplep a bellmouthing of 2% ho gives radial clearance of Ll ho and 
0.9 ho at the ends and at the centreplane of the bearing respectively. 
Similarlyo a taper of 4W., gives radial clearance of 0.8 ho and 1,2 ho 
at either end of 
the bearing. 
It can be seen that taper 
has the least effect on load paramet, er. In 
comparison, bellmouthing causes a 
large drop in load capacity -a 40/1o ho 
bellmouthing reduces load capacity by approximately 12% at high eccentricity 
ratios. An interesting effect 
is that of ba=elling where the geometric 
effect causes an 
improvement in load capacity. This trend may be explained 
by consideration_of-the pressure profile 
within the bearing. If barrelling 
existst the axial pressure profile assumes a more convex shape 
due to the 
clearance profile which 
enhances load capacity, whilst for bellmouthing the 
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opposite occurs. If excessive barrelling is present, it can be expected 
that an increase in the circumferential flow, off-sets the enhancement in 
axial pressure profile to give a reduced load capacity. Computer results 
suggest that an optimum degree of barrelling exists at approximately 5% 
which gives a maximum load capacity condition. 
11.4.2, Out - Of - Roundness 
A further significant geometric error is Out-of-roundness as shown in 
Figure 11 5 The extreme case of ovality is shown (two lobed case). 
Higher order lobing has a reduced effect on operational Performance. Out-of- 
roundness is defined as MZC rel4tive to the average radial clearance ho. It 
can be seen that dependent upon the directionality of the ovality with 
respect to the loading plane, the effect Of Out-of-roundness can either 
enhance or reduce load capacity. The equations which describe bearing 
clearance with ovality is given in Appendix E. 
11.4.3 Bearing-Tilt 
The effect of tilt on load capacity is shown in Figure 11.6 and is an effect 
caused by the 'misalignment of the housings during assembly or by the 
application of off-set loadings. Tilt eccentricity ratio et/ho is defined 
as the displacement of 
the journal centreline at the extreme edges of the 
bearing frOm it' centre-plane position and is expressed as a ratio of the 
bearing radial clearance hoe As shown, the major effect on operation is the 
reduction in the available 
bearing movement. This has been demonstrated 
experimentally in Refs. 2.21 9olt 11.1,2.19 . 
11.5 Local Burring at Edge of Pocket 
In the manufacture of bearings with pocketed orifices, it is common practice 
to press-fit either watch-makers jewels or brass bushes into supply holes In 
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the bearing bore, This operation produces local rising around the pocket 
and it has been 
' 
reported that this effect can be in the order of 5., um 
(Ref. 2.17 If, the final sizing of the bearing bore is carried out 
before insertion of the jewels it can be very difficult to totally eliminate 
the local rising around the pockets without recourse to re-machining. 
This phenomenon can have a large influence on bearing load capacity, because 
it affects local conditions at the entrance to the film. Fig. 
(a) b6low. shovis 
the clearance profile of a bearing with barring, designated by br, ,. 
This is 
assumed constant for all pockets. It is also assumed that the burr 
extends to and terminates at 
the grid positions s Urr Ounding the pocket. 
The reduction in load capacity due to local burring is illustrated in 
Figure '11.7 - 
-L 
------.. ---- ---. 
------. -----. 
Fig. (a) Representation of 
burrinq at edge of pockets 
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11.6 Analysis of Errors in 1, -bcj! erimt, -ntal Bearinga 
Theeffect of manufacturing errors on load CaPaCity is shown in Figure 11.8. 
Bearings having either pocketed orifices Figure 11.8(a) or inherently 
compensated orifices Figure 11.8(b) has been considered. The experimental 
curves shown have been obtained by the Author (Ref, 2.2 ). 
For these bearings, the radial clearances have been established by air' , 
gauge'equipment supplied by Thomas Mercer Ltd. The e=or in these readings 
was dependent upon the accuracy of the setting masters as quoted by 
calibration certificates supplied by the manufacturers. 
Each orifice-was'examined under a t0ol-makers microscope and their diameter 
was determined. From these results, tolerances were established for the 
assumed orifice diameter. 
The bearing bush and test shaft were hand lapped in order to achieve a good 
geometric form. The components were rigorously measured on a form measuring 
machine (Cynform) and using air gauges. The results are shown below: 
Bearing Shaft 
Bu 
I 
out-of-roundness MZCum 
taper in diameter 
air gaugeum 
0.2 ---3,0.3 1 0.4 
0.8 <0.6 
Cyrff orm )im 
straightnesS pm 
0-7 1 
0.15 1 -40.4 
The effect of ovality and straightness can either enhance or reduce load 
capacity dependent upon 
their directionality with respect to loading. 
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For the bearing with pocketed orifices shown in Figure 11.8(a) , two 
theoretical models have been presented - one'that includes burring at the 
entrance to the film, the other neglecting its effect. It can be seen that 
if only errors in form and orifice diameters are taken into account 
(without burring), the experimental results fall outside the error band. 
However, if burring is included, theory and experiment are in agreement. 
The greatest impact on load capacity is due to burring because it affects 
local conditions at the entrance to the film whereas form errors prevail 
throughout the entire bearing area. 
The bearing with inherently compensated orifices is shown in Figure 11.8(b) . 
Two theoretical models are shown , one which includes pressure recovery, the 
other neglects pressitre recovery. It can be seen that the error band 
applicable for the case of neglecting pressure recovery gives the better 
correlation with experiment. 
11.7 Conclusions 
The major errors of dimension and form have been described in this Bection 
and the magnitude of the effects presented. It becomes evident therefore 
that if variations exist and are not detectedg large discrepancies are 
likely to exist between theory and practice. 
The finite difference analysis used is able to take into account these 
variations of manufacture. 
By accounting for tolerances on measurement and 
errors Of fOr2v experimental 
bearings have been analysed and their maximum 
and mi-nimum load conditions established. It is shown that experimental 
results fall within the tolerance band for both pocketed and inherently 
compensated bearings. 
It is likely that small discrepancies between experiment and theory noted 
previously can be accounted for by 
the effects Of manufacturing errors. 
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12. GENERAL CONOLDSIONS 
The results from the corrected line feed model have been presented. This 
model gives an approximate design method. The data presented are an 
advancement of that previously given by M. T. I. as a wide range of ý5- 
values have been considered. The analysis neglects dispersion losses local 
to the orifice due to clearance variations. For this reason, the analysis 
over-estimates load capacity, which increases as F , 
increases and n 
decreases. For 6 and d/D > ,-0.5, n>, 
O. Oll the corrected line feed 
model gives results to an accuracy within 15% when compared with : 
experiment. 
Greater accuracy can be obtained from the finite difference analysis, as 
dispersion effects local to each source are accounted for,, By comparing 
the results from the finite difference solution with those from the complex 
potential theory and experimental data, it has been established that bearing 
film pressures including those local to the source are accurately predicted. 
This validates the modelling technique used around the sources. The finite 
difference method gave predictions which correlated with experiment to 
within typically J(Ylo for load capacity, flow rateg stiffness and restoring 
torque. However, this method gives a unique solution for a particular set 
of data and would seem more applicable for design studies where greater 
accuracy is required. 
The finite difference method has been used to examine the effects of 
manufacturing errors on bearing performance. Each of these errors has 
been considered independently and their effects presented. Also, by 
accounting for the tolerances 
in measurement and form, experimental bearings 
have been analysed and a theoretical error band established. It has been 
shown that experimental results 
fall within this band. This Indicates that 
diff. erences between theory and experiment can be largely attributed to 
the effects of manufacturing errors. 
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PART D 
HYBRID PERFORMANCE OF JOURNAL BEARINGS 
PART D- HYBRID PERFORMANCE OF JOURNAL BEARINGS 
13- INTRODUCTION 
In Part Co the aerostatio performance of externally Pressurised Journal 
bearings was examined, where the load carrying capacity was derived 
exclusively from external pressurisation. which is applicable for conditions 
of zero or low rotational speeds. In this part, the effect of rotational 
speed is considered where velocity induced flows, generated by aerodynamic 
effects, are superimposed on the aerostatic conditions. Operating under 
these conditions, with combined aerostatic and aerodynamic components, these 
bearings are-termed 'hybrid' and exhibit the characteristic where load 
capacity increases with speed. 
Figure 13-1 illustrates a typical bearing geometry. The restrictors are in 
the form of small diameter orifices that are equally spaced around one or 
more axial planes$ The effect of rotation is to produce an attitude angle 
ý between the load vector and the line of minimum/maximum film clearance. 
The bearing can be operated in one Of three modes: 
1. Purely aerostatically - Pressurised without rotation 
2. Purely aerodynamically - not pressu? cised but rotating 
Hybrid mode - both pressurised and rotating 
For a complete under 
I 
standing of these bearingso all three modes Of operation 
need to be considered. 
The aerostatio Performance has already been dealt 
with in the previous chapter. 
The aerodynamic and hybrid performance will. 
be considered separately in this study. 
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13.1 Literature Review 
13-1.1 Aerodynamic Performance4lý 
One of the earliest theoretical treatments was presented by Ausman in, 19M 
(Ref. 13-1). This used a first-Order Perturbation technique which was 
applicable only for low eccentricity ratios. This was improved upon for 
higher eccentricity ratios by Ausman in 1961 (Ref-13.2) by using a 
Ilinearised ph' solution. 
Another method to solve the non-linear partial differential, equations is an 
iterative solution using finite difference, approximations. These have been 
proposed by Gross in 1959 
(Ref. 13-3), Raimondi (Ref. 13.4) in 1961 and 
Elrod and Malanoski (ýef. 13-5) in 1965. 
13-1.2 Hybrid Performance 
Experimental work presented by Powell (Ref. 13.6) on hybrid bearings in 
1962 showed that the increase in load capacit .Y Over and above aerostatic 
load capacity was approximately Proportional to compressibility number 
based on supply pressure conditions. This idea was followed up by a 
superposition method proposed by Poýell 
(Ref-'13.7) in 1964. This involved 
vector addition of the aerostatic and aerodynamic loadsp the latter dependent 
upon supPlY conditions. Subsequent publications in the form of design 
methods in 1964 
(Ref. 7.4) and 1971 (Ref- 7-5) have proposed empirical 
factors of 0.74 and 0.7 respectively to correct the aerodynamic loads to 
give improved correlation with results obtained experimentally. Although 
the empirical factors must be used with caution as they have been derived 
for a specific, bearing geometry, 
I 
the design method does provide a zapid 
solution and can be used 
to give an approximate estimation of hybrid load 
capacitY- 
The aerodynamic performance refers to a plain cylindrical Journal bearing 
(without feeding holes). 
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Other analyses have been developed from a purely theoretical standpoint. 
One such analysis which assumes a Itne feed model and employs a first-order 
perturbation method has been presented using the lineariSed pressure 
solution by Lund in 1964 
(Ref. 7.8) and subsequently in 1967 using the 
linearised ph solution (Ref. 4.4) similar to that used by Ausman (Ref. 13.2). 
An experimental programme conducted by Cunninghamp et. al. (Ref. 13.8) in 
1969 showed that the small eccentricity pressure perturbation theory gave 
better agreement than the linearised ph solution when compared with 
experiment. I 
M. T. I. (Ref. 2.11) published design data in 1967 for hybrid bearings based 
upon the analysis by Lund 
(Ref. 
. 
4.4). The data presented only applies to 
centrally fed orifice bearings with supply pressures of 5 and 10 atmospheres, 
which limits its applicability. However, the design data. presented for 
these bearings gives guidance to avoid pneumatic hammer instability as well 
as recommendations for the selection of the line feed parameters. Confidence 
in the predictions is s omewhat limited as no experimental verification Is 
given and a safety factor of 1-5 is recommended. 
More recently, attempts have been made to improve the modelling of the feedin 
planes. The refinement involves considering individual orifices and computin 
their flows raiher than, as Lund assumed in Ref. 4.4, a line feed model. 
Analyses which employ this approach include those by Elrod and Glanfield 
(Ref, 2.12), Majumdar (Ref. 13.9) and Kazimierski (Ref. 6.4). To date 
however# these analyses have not been exploited to give generalised data in 
the form of a design method. 
The results from an experimental study on hybrid bearing characteristids has 
been presented by McFhrlane and Reason 
(Ref, 13,10), In addition to giving 
load/deflection data, experimental pressure profile measurements have also 
been obtained. 
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13.2 Aim and Scope of the_lnvestigation 
The present study concerns steady state performance. The aims of this study 
are: 
1. To present a theoretical analysis based upon finite difference 
techniques for the aerodynamic performance of plain cylindrical 
bearingsq and to compare results with the existing analytical methods. 
2. To examine the simplified theoretical approach of linear superposition. 
To present a theoretical analysis based upon finite difference 
techniques for the hybrid bearings arxi to indicate the effect of 
changing various design pardmeters; on bearing performance, 
To compare the theoretical results from the finite difference 
solution with results produced bY Superposition methods and M. T. I. 
predictions. 
To compare the theoretical results with experimental data in order 
to deduce their accuracy and validity. 
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14. THEORETICAL STUDY 
14.1 Aerodynmic Performance 
14.1.1 Plain Cylindrical Bearings 
An important aspect of this work is to predict accurately the aerodynamic 
component of hybrid bearings. For this reason, a theoretical analysis is 
presented for plain cylindrical bearings (in which the surface is continuous 
and uninterrupted). The results of the analysis will be compared with those 
from other published results. This ensures that the velocity induced flow 
component is accurately taken into account, and increases confidence when 
these techniques are incorporated into the hybrid analyses. 
In order to account for two dimensional flow, a finite difference method has 
been used to account for velocity induced and pressure induced flow. The 
latter refers to the viscous flow from a high Pressure area to a low pressure 
area, the pressure difference being generated by velocity induced flow. The 
pressure induced flow does not refer to an external pressure sourcet but to 
an internally generated pressure. 
The finite difference method used has been presented in a general form in 
Section 6. The shape factors applicable to the finite difference grids in 
Figure 8.2 are as follows: 
-pressure induced flow: 
2 0-J 4f,. / ) IT p 
velocitY induced flow: 
4x 
L- 
z (YS'4v) 
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Summing mass. flow rates at a point and equating to zero with cancellation 
gives: 
6.4 
-7'L 
74,64 
i3k, j, )f 
Ii 
W/ý- Wt/-<) 
2 
64 
2 
Cv 
=ff 
ZLI':: ý, i) 42] 
JJ>, f V Ilb z 
vl-71zj r Z3 where 77 .* 
..... ( 14.1) 
The term Cn is referred to as 'compressibility number', 
The analysis was used in a computer program to calculate film pressures 
and bearing3 performance. , 
The boundary at j-1 was fixed at' ambient 
pressure-T- 1, and a, half-bearing solution was obtained. The input 
variables were L/D, compressibility number 
Cn, and grid spacings as defined 
by JDIV and IDIV and shown in Figure 8.2., 
The grid pressures were continuously'relaxed until convergence was achieved. 
It. Was found that by 
- 
using initial grid Pressures given by Ausman (Ref-13-2), 
in preference to ambient conditions, the-computer Process time was reduced 
and instability problems overcome. 
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Load capacity is calculated by numerical integration as given in Section 8. 
The effect, of Cn on the load carrying capacity and attitude angle 0 is shown 
in Figure 14.1. At low values Of CnP load capacity increases linearly With 
Cn -a characteristic predicted for incompressible fluids-, as given by 
Sommerfeld. However, at high values Of Cnp the 10ad'caPacity for a 
compressible fluid approaches a constant asymptotic value. 
From Figure 14.1(b)p it can be seen that as qrT, ), Op the value of A49o" 
and as Cn-: *600 t 
ý->O. This means that at low values of Cnt deflections'are 
almost at right angles' to the load vector, whereas at high values of C np 
deflections are almost in line with the load vector. 
Load capacity is plotted against 
F- for various Cn in Figures 14.2 and 14-3 
for L/D -1 and 2 respectively. The theoretical results from the finite 
difference solution are compared also with other theoretical models. It can 
be seen that all the theoretica1solutions predict that at low eccentricities, 
(F 0.2) film stiffness is approximately constanto but as eccentricity 
increases further, greater film stiffness is predicted. Another feature 
shown is that increasing 
Cn and/or L/D, gives greater load capacity for the 
range of parameters shown. 
The finite difference results obtained from this study Compare very well 
(within 1%) with those from other* iterative techniques given 'by Ralmondi 
(Ref. 13.4) and Elrod and Malanoski (Ref, for the load deflection 
characteristics uP 
tO 0.8. The results, from Ausman (Ref . 13 - 2) 
correlate exactly with 
the finite difference solution for low eccentricitiest 
but at higher eccentricities 
increasing disparity occurs. Thj, 3 is to 1ýe 
expe9ted as the analysis used 
by Ausman is more applicable to low 
eccentricities, as 
discussed in Section 13. 
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14.1.2 0-rifice Compensated Bearings 
The published literature contains little information relating to the effect 
of the orifice supply holes on the aerodynamic performance. The only 
information available is that which has been obtained experimentally; no 
analytical treatment has been proposed to account for the effect of the 
supply holes. 
The presence of the holes in the bearing wall under aerodynamic conditions 
can be expected to derate load carrying capacity. This can be explained 'by 
considering a plain bearing 
(without holes) and examining a typical pressure 
profile shown below: 
I 
R a 
vj 
typical pressure 
prof iles 
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.I 
To assist with the understanding, the orifices are replaced for convenience 
with a continuous slot in the plane of feeding. In the high pressure side 
ph, the slot provides a pressure sink and in the low pressure side 
(sub-ambient) the slot provides a pressure source. If no restriction exists 
then the slot would correspond to atmospheric pressure. 
The double admission bearing would approximate to the operation Of three 
single units'- comprising of a central section plus two outboard sections, 
as shown below: - 
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The presence of the discrete holes rather than a slot in conjuction with the 
restriction afforded by these orifices have the effect Of modifying the 
pressures as shown below: 
to 
in this study it is assumed that the orifice planes are at atmospheric 
pressure conditions. Although this approach would tend to under-estimate 
bearing load capacityp the results can be expected to give a more realistic 
value than if the effect of 
the inlet planes were ignored. 
14.2 Hybrid Performance 
14.2.1 Powell's Method of Supermsition 
The method of linear superposition has 
been PrOposed b3r Powell (Ref, 
This involves vector addition of . 
the aerOStatic and aerodynamic loads# as 
shown in Figure 14.4. 
The resultant load W., is composed of the radial 
load and tangential load as shown. This method has been used as a design 
- : L41 - 
method by Powell in. RefB- 7.4 and-7-5. It was recognised that the compress- 
ibility number, which is dependent upon ambient pressure conditions for 
aerodynamic bearings, is modified due to external Pressurisation., Difficulty 
arises in the choice of the mean bearing pressure. This pressure is dependent 
upon the following factors: 
1. Pressure immediately downstream of orifice 
2. Shape of the pressure distribution 
3. Effect of eccentricity on local film pressures 
It has been suggested by Gross (Ref. 14.1) that the meu pressure p is m 
given as; 
-7, ) 
The effective compressibility number is given as: - 
CIV 
The load capacity is modified thus: - 
WA 4L 
/11ý4- 
: Et has been proposed by Powell that the effect of errorS in specifying pm 
on the I-esultant 
load capacity is small. 7his Is because typical hybrid 
bearings have low values of 
(Cn)m, usually less than unityt and therefore 
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these bearings will be operating in the near incompressible region, where 
load capacity is proportional to compressibility number. The aerodynamic 
load capacity calculated by this method is modified thus: - 
41A ký WA 
where k/is a correction factor 
E)cperimental results obtained by Powell indicated that for single admission 
bearings with L/D = 2, kl= 0.7. (Ref - 7-5). It was pointed out in this 
reference that this factor must be applied with caution for other L/D ratios, 
14.2.2 Modified Superposition Method 
As discussed previously for orifice bearings Operating aerodynamically, the 
full aerodynamic component is not reallsed due to the influence Of the supply 
holes. It is speculated that because of their influencel the aerodynamic 
load has to be derated in Powell's design method, using an empirical factor, 
in, order to correlate theory and experiment, 
. it is therefore proposed that. a modified superposition method be considered 
which differs from Powell's method 
in the manner in which the aerodynamic 
component is calculated. 
Double Plane Admission 
The aerodynamic component 
is calculated on the assumption that a bearing 
with two plane admission'-is 
divided into three 
; 
sOParate bearings, and-that 
each of these 
bearings operates aerodynamically in an ambient pressure which 
is equal to their respective mean 
bearipig pressures. 
i LL, 3 
where 
and 
for the central section 
Ak- 
for the outboard sections 
Both the compressibility number and load capacity are modified thus: 
Al 
Single Plane Admission 
The approach described above can also 
be applied to central admission 
bearings- In thiý caset 
the aerodynamic load is calculated by dividing the 
bearing into two separate 
bearings and assuming that its ambient pressure 
is equal to: 
2. 
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14.2-3 Finite Difference Solution 
The accuracy of predicting hybrid performance is dependent upon the accuracy 
of predicting the aerostatic and aerodynamic performance. it has been shown 
in Part C that the results of the finite difference solution for aerostatic 
bearings correlate well with experiment. This was achieved by accounting 
jor the discrete nature of feeding and by employing a suitable restrictor 
loss analysis* The same analysis was used for hybrid bearingso but In this 
case, the velocity induced flow component was included. 
The finiie difference method used has been presented in a general form in 
Section 6. For pocketed orifices, the restrictor loss analysis employed is 
that defined by Equations 2.13 and 2.18, which neglects pressure recovery in 
the bearing film but includes allowance for a varying Cd- 
For inherently compensated orifices, the restrictor loss analysis as given 
, by Equation 
2.8 is used. This neglects pressure recoveryt inertia effects 
and supersonic flow 
domains within the bearing clearance. 
The grid network used in the computation 
is shown in Figure 8-3- With 
reference to Section 
6, the shape factors for the finite difference grid 
are given below: - 
-M-essure induced flow: 
(. Tbz 6,4 
W: 
z(YJ/%I) 
- 14 c; - 
(a) Grid Points Surrounding the-Restrictor 
(i) Axial Direction 
The flow to grid points (i, j ± 1) in the axial directions downstream of 
the 
_restrictOr 
was considered from four directions; radial flow from the 
restrictor at position 
(i, j) and parallel slot flow from the other 
surrounding points 
(i, j± 2), (i + 1, j± 1) and (i j 
Summing flows, cancelling and rearranging gives: 
= 
L2 
C. 
-4 
. -ý- 
4- 
-v -I--/ -r-Z(. 
oj 
to XJ ý041V 
64) 
&WT 6,4 
where 
Za 
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(ji) Circumferential Directions 
The flow to grid points (i ± I, j) in the. circumferential directions 
downstream of the restrictor was considered in four directions; radial flow 
from the restrictor at position (i, j) and. parallel slot flOW from the other 
sur. rounding points. 
= 
G, 4 
: f2 74 2)1 
CAO' 
27 2_j 
.) -A tIvil i 7S7A1V 
7 
6: 4 2L 
ý4 
where 
12- 
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(iii) Diagonal Flow Directions 
The flow to grid points in the combined axial and circumferential directions 
was considered from five directions; radial flow from the restrictor position 
(j, j) and parallel slot flow from the s urr ounding grid points. 
t J2V) = 
e, 4 
71 
4: 
)) )6#4J 
±-k /1(4 ±2, )* J(Ii1 //4 2- ()J 
J7 JI 
J PH N 
: td --. P/ I) I- =/)i 
oo, 
ý7(e 
where 6ý4 
2- 41- zAzl 
G-374) 
z 
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Downstream Grid Points 
The equations are identical to those given for aerodynamic bearings in 
Section 14.1.1 by Equation 14.1. 
(c) Computation 
The initial values assigned to the restrictor downstream pressures were 
calculated from the corrected line Ifeed 
analysis applicable to aerostatic 
performance and the initial film pressures were calculated using complex 
potential theory. 
(d) Convergence and Stability 
It'was found that by using relaxation techniques developed originally for 
the-aerostatic: analysist in the hybrid computer programs numerical 
instabilities were experiencedo The r6l atio ax n factor, used for numerical 
e-affected-the'speed of convergence and damping-in the iterative techniqu' 
numerical instability. The relaxation factor 
(ý)-js used In the computation 
thur- 
PlAe., 
r 
-The, effect of R/ on numerical 
instability and speed Of convergence is Shown 
diaýrj-ammatlcally overleaf: 
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N rical ability 
)rocess 
ime 
RI 
Stout (Ref. 14.2) has suggested that an over relaxation factor of R'equal 
to 1.1 accelerates the convergence of the film pressures. It was found that 
for hybrid simulations, under relaxation was necessary to prevent 
instabilities. The value used in the computation was R 0,9, Although 
this is not an optimum value to minimise computing time, instabilities were 
avoided for 
E /, 0.8. A more detailed analysis on the effect of relaxation 
techniques has been recently accomplished 
by Tawfik (Ref. 14.3). 
(e) Reve-se Flow 
At, high eccentricities 
it has been observed that the film pressure 
immediately below the orifice can exceed 
the bearing supply pressure in the 
low clearance side clue 
to very high aerodynamic contributions. This implies 
reverse flow 
through the orifice from the bearing film. When this occurs 
it is assumed in the analysis 
that the inlet film pressures at these orifices 
are fixed at suPPlY 
Pressure conditions. This has the effect of prelicting 
slightly 
lower load capacities than would be the case if reverse flow was 
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taken into account. This effect occurs only at high eccentricities 
(e. g. E>b-7 for Cn = 2, L/D = 2, PO/Pa and is therefore Out of range 
r<0, of the more typical operating conditions of Cý . 5, 
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115. DISCUSSION OF THEORETICAL RESULTS 
15.1 Introduction 
In this section, the f inite difference method is used to evaluate the effect 
of various design parameters on the hybrid bearing performance and these 
*I. I 
results are discussed. 
A comparison is presented of the results from the finite difference method 
with those from the methods of superposition and the results presented by 
M. T. I. 
A standard bearing is used as a reference, having the fOllOwing parametem 
L/D =2 
a/L = 0.25 
Po/Pa 5 
As 0.7 
n 
d /D = 0,03 
pocketed compensation 
Th ,e results presented are based on shaft displacements In-line with an 
orifice. For the hybrid performance, 
the load vector does not coincide with 
this orifice position. However, this basis of description has been chosen 
to simplify computation. The effect 
the orifice positions relative to the 
displacement has been investigated and 
is presented in this section, 
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15.2 Effect of Various Design Parameters 
15.2.1 Compressibility Number Cn 
Figure 1_5.1 illustrates the effect Of Cn on load/deflection chacteristics. 
It can be seen that at mdest values of Cn, lOCk-uP is Prevented) and that 
at higher values of Cno substantial increases in load Capacity are Predicted'. 
As mentioned previously, reverse f: LOI can exist through the Orifice at high 
eccentricities. For this condition, the orifice pressures are assumed to 
be at supply conditions. This is shown in Figure 13.1 by the chained lines 
and these results have to be viewed with some caution. However, it is 
noted that the eccentricity ratios where reverse flow is predicted are high 
compared with more typical operating eccentricities. 
The aerodynamic results shown have been calculated on the assumPtion that 
the orifice planes are atmospheric boundaries. 
The journal locus is shown in Figure 15.1 (b) for various Cne It can be 
seen that the effect of 
Cn on attitude angle is entirely different for hybrid 
, Ind aerodynamic 
modes of operation. For the hybrid mode, the effect Of Cn 
is to generally increase attitude angle, although there I 3 some slight 
overlap at high eccentricities. 
For the aerodynamic modet the reverse in 
true - as Cn increases, attitude angle reduces. 
To Summarize: for hybrid Cn -v. 01,0 -), 
for aerodynamic Cn -* Ot 0 -* 
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15.2.2 Length to Diameter Ratio LID 
Figure 15.2 illustrates the effect of varying L/D with Cn f ixed. As L/D 
reduces, the effect on load capacity for a given F_ reduces. For L/D 
very high values of Cn are required to generate a significant hybrid effect 
at the supply pressure shown. In the case of L/D 0.59 hybrid effects are 
virtually Pon-existent for eccentricity ratio E<0.8, Cn<6. 
15.2-3 Supply Pressure Ratio Poa, 
Figure 15-3 illustrates the effects of varying PO/Pa. At low supply 
pressures, although the aerostatic load is reduced, the effect of speed on 
load carrying capacity becomes more pronounced. At high supply pressures, 
the x-everse, applies. 
15.2.4 Land Width Ratio a/L 
The effect of the number of feeding planes on load capacity is shown in 
Figure 15.4. For aerostatic conditions, the load capacity for the single 
plane admission bearing is approximately 0-7 that of the double plane 
admission bearing. 
The aerodynamic contribution however for the single 
plane bearing is greater 
than that for the double plane bearing. This 
. Characteristic 
is also predicted by the method proposed for calculating the 
aerodynamic loads 
in the modified superposition method. As Cn increases, the 
load capacities approach a similar value. The lower aerostatic load of the 
single plane bearing 
is offset almost eniirely by the extra aerodynamic 
, contribution. 
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15.2-5 Feeding Parameter 
The effect of /1j on hybrid performance is shown in Figure 2-5.5. For 
aerostatic conditions, the load capacities are very dissimilar for a wide 
range of Asýý values. As Cn and E. increases, the load capacities 
approach the highest load capacity curve given by Is - 0-7 - 
ype of Compensation 15.2.6 T- 
Figure 15.6 compares the load capacities of bearings having Pocketed 
orifices with those having inherently compensated orifices. At hybrid 
ecI 
ond 
I 
itions, the aerodynamic component of the inherently compensated bearing 
is greater than that for the pocketed bearing. This offsets to some extent 
the I lower aerostatic load capacity which inherently compensated bearings 
e%hibit. The combined effects tend 
to minimise the difference in performance 
when Operating at speed. 
A comparison between orifice compensated and slot fed bearings are shown in 
Figure 13-7- The computer program for the slot bearing has been developed 
independently at Leicester Polytechnic by Tawfik (Ref. 14.3). It can be 
seen that the two 
bearings give similar load capacities for both aerostatic 
A. ' 
and hybrid performance 
(to within 
orifice Position and Displacement 15,2.7 
As mentioned in the Introduction 
to this section, the results shown are based 
on shaft displacements 
in-line with an orifice. -- This approach has been 
, adopted in order 
to facilitate computation. It is realised however, that 
this is a somewhat theoretical condition as 
in practice bearing orientation 
and applied 
loads (i. e. neglecting out-of-balance loads) are fixed relative 
to one another. 
This implies that as speed increases, the attitude angle 
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varies as shown below: 
3 
w 
zero speed at speed 
The effect of the orifice positions relative to the displacement has been 
computed. The only change necessary 
is to modify the local clearances thus: 
where o<' is the angle between the line of minim um/maximum 
position of the centreline-of an orifice clearance and the 
The, results are shown in Figure 15.8 for aerostatic and hybrid performance 
For the aerostatic performance, the results correlate _to within 
6% for 
'E. - 'e 
O. B. This compares favourably to experimental data obtained by 
Grewal (Ref. 7.16), who found the reduction to be of the order of 4%0 and 
with'data obtained by 
the Author (Ref . 2.2) of 
The hybrid performance 
is also only marginally affected by orifice 
orientation. 
-1 1-56 - 
15-3 
_Typical 
Pressure Profiles 
I Figure 15-9 shows typical pressure profiles from the finite difference 
solution. In this case, the computer program was run with initially Cý- 0 
and the attitude angle calculated. The computer program was then re-run, 
but this time with 0( = 0. In doing so, the resultant load line 
corresponded to the position of an orifice centreline, It can be seen that 
the aerodynamic effect on the aerostatic pressure . profile is to reduce film 
pressures in the high clearance side and to increase them in the low 
ýclearance side. The pressures at the centre plane in the low clearance 
side are shown to be greater 
than supply conditions, although reverse flow 
through the orifice is not predicted for this case. 
Figure 1_5.9(b) shows the circumferential Pressure Profiles in the plane 
of'the orifices. 
A feature which is of note IS the shape of pressure 
gradients around 
the orifice under the applied load. In the direction of 
rotation towards 
the line of minimum/maximum film clearance the pressure 
gradient is positive. 
This implies that flow does not Occur in that 
direction due to the wedge effect 
in the converging clearance. 
5.4 Comparison Between Finite'Difference Solution and Other Analysen 
15.4.1 Powell's Method of Superposition 
Al c6Mparlson of 
the results from the finite difference solution with the 
ýsults from the method of superposition proposed by Powell re 
(R6fs. 7.4 and 7.5) as outlined in Section 14.2.1 is presented in Figures 
15.3.0(a)->15.10(g). 
To evaluate the superposition method, the finite 
difference technique 
has been applied to calculate both the aerostatic ancl 
aerod ynamic 
load components. 
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Tji6se components are used in Powell's superposition method to deduce the 
hybrid load capacity thus: 
0-- 
kl w 5 -0, k, 
1 
4 
The value of k' which gives the same load capacity as that given by' the 
hybrid finite difference solution is tabulated" below. Throughout d /D - 0-03 
and n 8'and unless otherwise stated 
in the table: 
Cn =2 
L/D =2 
a/L = 0.2 
Po/Pa ý -5 
pocketed compensated orifices 
The' table has been compiled 
in this way to highlight those Parameters which 
ý-change. 
Figure Cn L/D a/L Po/Pa compens'n k/ 
No. -0-7 
15-10(a) 0.40 0.48 
1.5-10(b) 6 o. 
44 0-53 
O(C) 0.20 o. 24 
., 15.10(d) 
0.5 0-74 0.80 
1o (e 0-50 Mo 
15.10(f); 0.25 0.45 
1.5.: LO(g) 
IC 0.49 01-19 
IC - inherently compensated orifices 
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It can be seen that the value of klincreases with the fOllOwiyW variations: 
increasing 
Cn increasing 
L/D increasing 
a/L increasing 
Po/Pa decreasing 
This is to be expected as all these changes increase 'the aerodynamic effects. 
Me Most significant parameters which affect klare L/D, a/L and po/iý 
The values of klobtained for the case of L/D = 2, a/L m0-5 EFigure 15.10(d)] 
compares well to that obtained by Powell from experimental results. In 
Reference 7.4 Powell suggests kl= 0.74 and in Reference 7-5 suggests k- 0-70- 
7hi ,SIý compares with kl= 0.74 and 0.80 tabulated for F- - 0.5 and 0.8 
respectively. 
For L/D =1 or a/L = 0.250 the value of k"indicated in the table for E-0,5 
reduces to 0.20 and 
0.40 respectively. 
15.4.2 M. T. I. 
M. T. I. (Ref. 2.11) give design data applicable. only to single entry bearings, 
a/L o. 5. A comparison of 
the results from the finite difference Solution 
withi'those from 
the M. T. I. design charts is shown in Figure 15,11, The ratio 
of -the load capacities 
from the M. T. I. design charts t,? that obtained by the 
finite difference solution 
is shown below for -'O. 5t 
aerostatic 1.07 
hybrid (Cý = 2) 1.10 
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15.4.3 Modified Superposition 
The modified superposition method has been outlined In Section 14.2.2. 
This differs from Powell's method in the calculation of the aerýdynamjc 
component for hybrid performance. A comparison of the results from the 
finite difference -solution with the results from the modified suPerposition 
method are shown -in Figures 1.5.: 12 (a)--> 15.12 (e). For the Superposition 
method, pthe finite difference analysis has been used for the calculation of 
both the aerostatic load and the aerodynamic load components. 
The ratio of the load capaci 
. 
ty from the modified superposition method to 
that obtained by the finite difference solution is tabulated below. 
Throughout d /D 0.03 and n=8 and unless otherwise specified in the table 
below: 
Cn =2 
L/D = 2- 
a/L 0.2.5 
Po/Pa 5 
pocketed compensated orifices 
Figure Cn L/D a/L Po/pa compens'n Load Ratio 
No. 
- 
-0-7 
7, 
, 
15.12(a) 1 0-97 0-93 
: 15.12(a) 2 0 94 0.91 
15.22(a) 6 0.91 - 
15.12(b) 0.98 0-97 
15.22(c) 0--5 0.8.5 0.8.5 
15.12(d)l 2 1 0.8.5 0-83 
15.12(d)l 1 8 0-97 0.94 
: L5.22(e) inherently 0.86 0.81 
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It can be seem that the results from the modified SuPerPOSItion method in 
all cases are lower than that obtained from the finite difference analysis. 
and are within 15ro of the finite difference predictions up to 8< 
15.5 Conclusions 
The finite difference analysis has been used to determine the effects of 
various design parameters on the hybrid characteristics. It has been shown 
that in addition to the compressibility number, supply pressure ratio and 
L/D ratio, the land width ratio has a significant effect on the aerodynamic 
contribution to the hybrid performance. This characteristic was not apparent 
'ýfrorri 
the current literature, and indicates that the superposition method of 
calculating the aerodynamic contribution is related to the a/L ratio. 7he 
feeding parameter and the type of compensationp although influencing the 
aerostatic load, has only a marginal effect on the hybrid performance. 
Reverse flow through the orifices in the low clearance side of the bearing 
is predicted for high eccentricities. The computer program does not take 
this effect into account but assumes that under these conditions # the 
downstream film pressure at these orifices is at supply pressure. It has 
been shown that the eccentricity ratios where reverse flOw is Predictod aro 
high (E>0.7) for typical hybrid bearings compared with normal running 
.I eccentricities. 
(E4 0-5)- 
A comparison has been made between 
the results from the finite difference 
solution with other 
theoretical models. For the method PrOponed by Powoll, 
an emPirical 
factor k"has been suggested in Reference 7-5 of 0-70 for I/D - 2p 
a/L =. 0.5. This comPare. s well with 
that obtained by comparing this method 
with the results 
from the finite difference solution where k Iwas found to 
be 0.74 for 
E=0.5. For L/D equal to unityv or with a/L - 0.. 5 
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mparlson between the two theoretical models indicates a much lower value ý co 
0.40) is mom appropriate. of k'(0.20 
The results from the M. T. I. method has been shown to correlate with the 
results from the finite difference solution to within lC% for both aerostatic 
and'hybrid conditions. 
The modified superposition method has also been examined. This method has 
been presented in the previous section and follows closely that proposed 
by Powell, but differs in the manner in which the aerodynamic component In 
calc . ulated. It has 
been shown that the predictions from this method are 
within 15%, of those obtained 
from the finite difference analysis for a wide 
rI ang .e ýof L/D, supply pressure ratios and*a/L values. 
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16. EK PERMNTAL STUDY 
; 16.1 Aim and Scope of this Work 
The aim of the experimental effort was to obtain for varying bearing 
configurations the -load/deflection characteristics and attitude angle/journal 
jocus for differing Cn values. The bearing configurations tested include 
plain cylindrical aerodynamic and orif 
ice - compensated (pocketed) journal 
bearings. 
It was realised 
that the presence of the holes in the bearing affects the 
aeýýdynamic performance. 
For this reason, the aerodynamia bearinge Were 
manufactured 
initially with inserts present and subsequent tests 'with them 
removedýý and replaced 
with orifices provides quantitive data from 'Which the 
influence of the 
holes on the aerodynamic performance can be determined. 
3.6.2 fSelection 
of Ebcperimental Variables 
The experimental values of 
the test bearings are given below: 
LD=1; ho = 12.3, um 
29 L/D ý2; ho = 12.7 ýIm 
30 L/D 2 ho 17.9 Pm 
initiallY fitted with inserts in-place of'orifice 
aj. jýparines were manufactured 
to a/L - 0.25, with a nominal diameter of 
A 
MM.,,., The orifice geometry 
was common'to all bearings, ý ' Watch-makens jowela 
. 
50 
. were, press-fitted 
into a pocket to provide pocketea orifice compensation. 
The orifice geometry 
is listed below: 
n=8 
do =0- 09 mm 
dR 1.80 mm 
0.10 mm 
163 - 
Test Rig Desig 16.3 
The test rig arrangement is shown schematically in Figure 16.1, and a 
photograph of the rig is shown in Plates 1 and 2. 
The , test shaft (1) and close fitting sleeves (2) were supported in hydrostatic 
slave. bearings (3). These bearings were of the recessed type having combined 
journal and thrust faces. The test bearing (4), Positioned between the 
slave bearings was loaded upwards by a pneumatic load cylinder (5) which 
housed a piston supported by an aerostatic journal bearing to minimise 
friction. The loading mechanism (6) provided adJustment in or'der that the 
test bearing could be loaded to give parallel motion in the bearing clearance. 
The load cylinder pressure wss monitored by a pressure transducer (7). 
Adjusting the pressure in the load cylinder by a Pressure regulator enabled 
the load to be applied to the test bearing with relative ease and in a 
continuously variable manner. Wayne Kerr capacitance probes (8) were mounted 
at both ends of the test bearing to monitor bearing deflections. Two probes 
were mounted in line with the load as shown 
in Figure 16.1 to record vertical 
movement and two other probes mounted orthogonal 
to the load line to record 
horizontal deflections. Their signals were fed 
into a Purpose-built analogue 
computer which calculated 
the resultant deflection erm and attitude angle 
A, as shown in Figure 13-1. Bearing supply pressure was monitored by a 
pressure transducer. 
11be iest shaft was driven by an electric motor via a belt and pulley (9) and 
Its speed was monitored by 
.a 
tacho generator. 
provision was made for displaying bearing supply pressure, bearing load, shaft 
speed, ex , ey , eres and 
A in a digital form. 
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The test bearing was restrained to prevent axial movement or rotation without 
influencing the radial loading shown in Figure 16.2. 
16.4 Instrumentation 
The instrumentation of the test rig was required to measure the following 
parameters. 
1. Bearing load 
2. Bearing deflections and journal locus 
3. Bearing supply pressure 
4. Bearing flow rate 
Rotational speed of the shaft 
The test rig instrumentation used is shown in Figure 16,3 and a photograph 
of the instrumentation panel is shown in Plate 
3.6.4.1 Bearing Load 
The pressure transducer used to monitor the air pressure in the pneumatic 
load cell was a Bell and Howell, type 4-326-LlOl. This was used in 
conjunction with a transducer amplifier, type glDg supplied by Strainstall. 
The diameter of the load piston housed in the load cylinder was 46.94 mm. 
The applied load is a product of the pressure X areaq which givest 
Wm 173 Newtons/bar 
(at 7 bars, Wm 1211 Newtons) 
I-'1. 
The system was calibrated using a dead weight tester as supplied by Barnet 
Instrumentation Ltd. The gain of the transducer amplifier was adjusted to 
give 1.211 volts at 7 
bars. In doing so, output voltage gave: 
1mV -= 1 Newton 
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The calibration curve is given in Figure 16.4. The non-linearity from 
zero to 7 bars was found to be within +2 mV. This corresponds to +2 Newtons 
or approximately ± 0.1% 
16.4.2 Bearing Deflections 
Bearing deflections were monitored by four capacitance probes, type MB1 as 
supplied by Wayne Kerr, and a Wayne Kerr meter type TE600B. This gave a 
range of measurement of 127 Am for all four probes simultaneously. The probes 
were mounted in the bearing sleeves as shown below: 
A&8 
IA calibration fixture was used to calibrate the probesp as shown 
diagrammatically overleaf. - 
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probe A probe 8 
slip 
gauge 
10 
flexure 
Wayne Kerr 
Mercer capacitance 
electronic probe probe 
360 MBI t, to Mercer 0 Wayne'Xerr', 
meter TE 600B 155 gauge 
unit 
A photograph of the calibration fixture is shown in Plate 4. The, face of the 
inseit'ftOm which the probe was calibrated incorporated a curved surface 
-the radius of which corresponded to the radius of the test shaft. 
A't, ypical calibration curve for. the, output from a Wayne Kerr amplifier is 
shown in Figure 16.5, and gives a calibration of: 1 MV 0.118 'Um. The 
ri6n-linearity was found to be within +4 mV for deflections of 12 --->'81 um., 
Thi ,S corresponds to + 0.. 5 'Um. 
16.4.3 Analogue Computer for Calculation of Shaft Locus 
The S ignals fromý the Wayne Kerr meter circuits A+B, ' C+D were fed into a 
I)Urrpse-built analogue computer which. calculated 
the resultant deflection. 
ere s an. d attitude angle 
thus: 
2 
Aý, 
'', where ex is the deflection in the vertical plane measured by circuit A+B 
ey horizontal C+D 
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The computational circuit exploits the characteristics of operational 
amplifiers with semi-conductors in their feed back'circuits. This circuit 
produces I an output 'dependent on the logarithm of the input. Any mathematical 
expression can be built electronically using this principle. Further 
reference to this method is given by Graeme in Reference 16.1. 
The circuit diagrams used are shown in Figure 16.6. Figure 16.6 (a) refers 
to the /X2 4 y2 circuit and operates by initially multiplying the 
input signals to give a convenient calibration of: 
1 mV =-= 0.025 tm 
A facility has also been incorporated to zero an input signal without 
affecting the calibration, achieved by potentiometers. This has been done 
in"order that the condition of bearing zero eccentricity can be used as a 
zero datum. This is also necessary 
in any case for the sýxbsequent 
; -, 
Szýx 
ýYz 
and tan- 
I 
circuits. 
The output from XI is shown in Figure 16.5. This gives 1 mV ME= 0.025, um 
with a non-linearity error of within + 
0.2 pm or +8V for probe 
deflections Of 12 Jum --> 
81 
Jum 
After the X' and Y' circuits the modulus of the signals are found. This has 
the effect of*converting the signals to positive values: Positive to positive, 
negative to positive, given 
by A '/, /Y'/, These signals are then converted 
to logarithmic formp their logs doubled, added together and anti-logged. As 
shown in Figure 16.6 
the reader can see that many additional sub-circuits were 
added. Some of 
these circuits were added to eliminate instabilities and 
others added to improve 
the accuracy. 
The output from the 
ý2- 
circuit is shown in Figure 16-7(a). V/X 
ý XZ 
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This has been drawn directlY onto an X-Y plotter. The. errors have been found 
-to be within + O. Yo for a wide range of values of V and Y'. Compounded 
with non-linearity errors for the V and Y' circuits gives a total error in 
reading of within + 13 mv or + 0.3 um for probe deflections of 12 )1m -> 81 
I The tan -1 circuit follows closely that suggested by Graeme in Reference 161. 
is an iterative circuit, with finite difference methods employed 
electronically. The technique is to approximate the tan function thus: 
/7Z121 
The difference between the output and the tan 
(Z) circuit is used to calculate 
an error in Z, which is added to the old value and so on. The circuit has 
been modified to give a convenient output thus: 
lmV M 0.1" 
The output from the tan circuit is shown in Figure 16-7(b). This has 
been drawn directly onto an X-Y plotter. For a wide range of values of 
XI and Vt the error has been found to be within + 
0.8* or 8 mV. 
16.4.4 Rotational Speed 
0 nerator (Evershed and Vignoles The shaft speed was monitored by a 
tacho-ge 
type FBF 102A) giving a nominal output of 
24V per 1000r. p. m. This was used 
, so 
that the analogue signal could be fed directly into one of the iLxis of 
an X-Y plotter. 
This cannot be achieved using a computing counter as the 
I. 
output is in a 
digital form. 
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The system was calibrated using the set up shown in Figure 16.8. A magnetic 
pick-up (Orbit Controls type 70D-1101) sensed the flux changes of a gear 
wheel connected to the drive motor output shaft. A Racal 9525 frequency 
meter was used to record motor speed. The electric motor was run to 2341 rp. M, 
as indicated by the frequency counter. 
The pulleys and belting to the test shaft had a ratio Of mOtor/shaft speed 
of 26160. The motor speed for 2314 r. p. m. corresponds to a test shaft speed 
of'5340 r. p. m. The l0k-IL potentiometer across the output terminals of the 
tacho-generator was adjusted to give an output of 5.34OV. Thus lmV from the 
output of the potentiometer corresponds to a shaft spted of I repsmo The 
non-linearity errors were found to be within + . 
5mV or + 5r. p. m. 
16.4.5 Bearing SuPply Pressure 
A pressure transducer was used to adjust and monitor the bearing supply 
pressure. The transducer was a Bell and Howell type 4-326-LlOl and was used 
in conjunction with a Strainstall transducer amplifier type 91D. The system 
was ., calibrated 
using a dead weight tester as supplied by Barnet Instruments 
Ltd. Non-linearity from zero to 7 bars was found'to be within + 0.1%. 
16.5 Air SUPP-lY Circu 
test rig air suPPlY circuit is shown diagrammatically in Figure 16.9. 
The air SUPPlY tO the test rig was 
initially filtered us. ing 5 pm elements. 
The air supply to the test bearing and to the pneumatic load cell 'Was further 
filtered by 2 pm elements downstream of which Pressure regulators were used 
to adjust the test bearing pressuret pneumatic load cell PMSSUre and piston 
bearing pressure. 
The air flOw tO the test bearing was measured using a 'Gapmeter Lab-Kit' 
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as supplied by G. A. Platon Ltd. The appropriate tube/float combination was 
used so that large scale readings were obtained. 
16.6 Oil Supply Circuit 
Figure 16.10 shows the Oil SuPPlY circuit used for the hydrostatic slave 
bearings. The oil pump used was as follows: 
Keelavite Power Pack 
Electric motor : 7.5 kW 
Flow at 100 bar : 30 litre/min 
Tank capacity : 140 litres 
Oil used : Light HT32,24Cp 
As shown, the manifold distributes the Oil Supply to the diaphragm valves. 
These valves were used to control the fluid pressure to,. 'the 4 recesses in 
each of the slave bearings. 
Details of the diaphragm valves are shown in Figure 16.11. The valvex 
. ere originally designed to incorporate a thin diaphragm to improve bearing 
stiffness. However, as the applied loads 
to these bearings were low, the 
thickness of the diaphragm used was large so that the valves operated as 
rigid viscous restrictors. 
A photograph of a diaphragm valve used is shown 
in Plate 
16-7 Slave Bearings 
The hydrostatic slave bearings were designed to give minimum total power 
ýýJssipation following the design procedure given by Stout and Rowe 
(Ref. 16.2). 
4 
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a 
The bearing geometry was as follows: 
reci 
a/L 
D, 
Do 
L 
assed bearing 
= 0.25 
= 30 
= 40 mm nominal 
= 6o mm of 
= 50 mm to 
ho (radial) =70 --o- 95 Um 
ho (axial) = 70-*95, Am 
supply pressure = 30 Bars 
A Dhotograph of a slave bearing is shown in Plate 
16.8 Test Bearings 
A, typical design of a test bearing is shown in Figure 16.12. The material 
chosen was lead bronze LB9 due its good anti-seizure properties and because 
the coefficient of linear expansion of this material Is similar to that of 
-the material used for the test shaftp and, 
is specified below: 
Lead Bronze LB9 ll: 18.0 x 10-6 mm/ c mm 
Stainless-Steel EN58BM - 16.8 x 10-6 mm/'uc mm 
A photograph of the test bearings are shown in Plate 
-,. 16.8.1 Manufacture 
The aerodynamic bearirzs (1) and (2) were turned and the holes which were 
, O, be subsequently, used 
for mounting the orifices , were drilled to a diameter t 
of 1.70 mm. Brass plugs, which were slightly taperedg were presS-fitted into 
the holes from the bore as shown overleaf : 
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I 
The hybrid bearing (3) was turned and the holes for the orifices were 
drilled and reamed and the jewels mounted prior to grinding. Sufficient 
allowance was made in the pocket depth for grinding. 
The bores were ground and finished lapped to improve their geometry and to 
achieve finished size. For this purpose, cast iron helical laps were used 
as supplied by Engis Ltd. Proir to lapping, the laps were themselves 
lapped to eliminate their geometric inaccuracies. The lapping compound used 
was A03 (850 grid size) as supplied by English Abrasives Ltd. A photograph 
of the lapping equipment used is shown in Plate 8. 
After the aerodynamic tests were completed on the Plain cylindrical bearings 
their inserts were removed# the holes reamed to 1.80 mm and the jewels 
mounted. In doing so, the same bearing could be operated aerodynamically 
to determine the effect of the presence of the holes on the Performance 
characteristics. As the bearings would have identical clearancesp mean- 
: Lngful conclusions can be drawn as to their comparative Performance. 
The holes were drilled prior to grinding so that the bore would not be 
subjected to radial drilling after it was machined to finished size. 
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It was thought that this could deform the wall of the bearing and therefore 
this effect was prevented. 
16.8.2 Mounting Jewels in Pockets 
Figure 16-13 shows the procedure adopted for mounting the jewels In the 
pockets to the required depth. It was found that if the jewel O/D and 
reamed hole diameter gave an interference fit that was excessive, the Jewel 
would either crack or, smash. The former case could easily be observed by 
a microscope. 
16.8.3 Metrolomr 
The technique used to measure the bore profiles were similar to that 
emplbyed in a previous study undertaken by the Author reported in 
Reference 2.2. 
F, e Measurements (a) Air 
The bore diameters were measured by air gauging equipment as supp2ied by 
Thomas Mercer Ltd. The equipment consisted of a 2-Jet ITitralloy air plug 
gauge, setting masters and a 155 electronic unit. The range of diameter 
measurements afforded by the equipment was 50-0130-50-043 mm with the display 
readable to 0.1 )1m. The accuracy of the setting masters as quoted by a 
Certificate of Calibration was within + 1.0 pm. A photograph of the 
equipment used is shown in Plate 9. 
The bores were measured after allowing the bearingst setting masters and the 
plug ga%e to stand overnight in a controllecl temperature environment of 200C. 
The bearing and setting masters were handled during measurement with thick 
cotton 910 
. ves to ensure that a minimum of hand heat was transferred. 
- 174 - 
The parallelism of the bores after "Lapping was found to be within the range 
of 0.7-1-5 pm. This figure refers to the deviation in size, as measured in 
two orthogonal planes, along a span between two axial planes which were 
5 mm inside the bore from the ends of the bearing. The ovality was found 
to be less than 1.0, um. 
(b) Talyrond Measurements 
The air gauging equipment used only provided measurements of absolute size, 
parallelism and ovality. A Talyrond 200 with a straightness attachment was 
used to obtain the complete geometric form, i. e. roundnessg straightness and 
parallelism. From these readings, a measure of cylindricity was obtained. 
This is defined as the radial difference between two concentric cylinders 
which encompass the complete bore profile. Also, errors in parallelism 
obtained from the Talyrond 200 can be compared with the air gatge readings. 
The results for the L/D =1 bearing used initially for aerodynamic tests 
are presented. Figure 16.14 shows 
the roundness traces at differing axial 
planes (at both ends of the bearing and at 
the centre plane). Figure 16-15, 
shows axial profile traces of 
the bore obtained for two orthogonal planes, 
from which parallelism and straightness have been deduced. 
All the test bearings were manufactured in the same manner. It was confirmed 
that form errors for the bearing shown was typical for all the test bearings. 
RounclnesS 
The roundness achieved was of the order of 0.4, um MsC. From the roundness 
traces, it can be seen that out-of-roundness took the form of a two lobed 
shapet Le-e'oval. This was also confirmed 
by the fact that the ovality as 
measured by the air plug gauge compared well with 
the out-of-roundness 
deduced from the Talyrond traces. 
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Parallelism 
The table below compares the parallelism deduced from the air gaige readings 
with that obtained from the Talyrond traces. The values given 
correspond to the deviation in the diameter along the bearing length 
compared to the diameter measured mid-way along the bearing length. 
Distance along Deviation in Diameter pm 
bearing from 'Top'l Plane A Plane B 
! ---- --- ---- --- -- --- --- -- Fz 
MM, j Talyrond' Air Gauge Talyrond 
I Air Gauge 
5 +1.5 + 1.3 + i. 0 +1.5 
9 + 0.3 + 0.5 + 0.1 + 0.5 
13 0 + 0.1 - 0.1 + 0-3 
17 - 0.1 + 0.3 - 0.1 + O'l 
21 - 0.1 0 - 0.3 i+0.1 
25 0 0 0 0 
29 + o. 4 + 0.5 i + 0.6 + 0.6 
33 + 0.6 + 0.7 + 0.6 + 0.8 
37 + 0.3 + o. 4 + 0.6, + 0.5 
'41 + o. 4 + 0.2 + 0.4 + o. 4 
45 + 0.8 + 0.5 + 1.0 + 0.8 
t can be seen that good agreement exists 
between the parallelism errors 
as deduced by the Talyrond and air gauge equipment. 
The discrepancies 
between the two sets of results can be accounted for by temperature effects. 
and drift which results 
in non-repeatability of the readings of the order of 
,t0.3., um- 
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Both sets of results indicate that the bore is slightly bell mouthed. At a 
distance of 5 mm in from each end, the bore diameters are approximately 
1-1.5 um larger in size than the mid-plane diameters whilst at a distance 
of 10 mm in from the ends, the bore diameters. are approximately 0.5 )Im larger. 
Straightness 
The straightness of the bore between the central 40 mm length has been deduced 
from the axial profile traces by plotting the deviation of the mean geometric 
axis with respect to the surface profiles. This has been found to be: - 
Plane A 0.2.5 um 
Plane B 0.22 um 
Cylindricity 
The cylindricity over the central 32 mm is composed of: 
parallelism and straightness 0.65, um maximum variation in radius 
roundness 0.45, um. MEC maximum 
As the roundness has been shown to be of a consistent form along the bore 
length, the cylindricity is obtained by summing the two e=ors above to give 
cylindricity of 1*. 3. )lm. 
Absolute Size 
The diameters attributed to the bearings were an average value of the air 
gauge readings measured along 
the bearing lengths. These are given below: 
L/b . 
5o. 0234 mm 
2. L/D 50.0242 mm 
3. L/D 2 50.0346 mm 
- 177 - 
16.9 Test Shaft 
The test shaft assembly is shown in Figure 16.16. The material chosen was 
F, N58BM due to its good anti-corrosion properties. 
The main body of the test shaft (1) consists of a step at each end. Onto 
these diameters, close fitting sleeves (2) butt up to each face by tightening 
the nuts (5). ' To the outward faces of (2) are bolted rings (3)'Which provide 
the axial, thrust faces. The distance between these faces can be adjusted 
by the spacer (4). 
The design overcomes the problem of producing a right-angle corner for the 
combined journal and thrust faces. This problem would have occurred if one 
component was used rather than the two components (Z) and (3). Also, the 
design allows for axial adjustment between the thrust faces. 
, -'A sliP ring assembly was used 
in order to earth the shaft. This was necessary 
4for the Wayne Kerr capacitance probes for the measurement of shaft deflections. 
A PhOtOgraPh of the test shaf t is shown in Plate 10. 
16.9.1 Manufacture 
To ensure dimensional stability and the squareness of facesp the following 
manufacturing and heat treatment sequence was adoptedt 
1. Initial stress relieve at 5004 C, air cool 
2. Face and centre both ends and skin 
3- Turn all diameters to + 0.25 MM 
4. Stress relieve at 500' C, air cool 
. 
5- Grind steps and shoulders 
6. Fit sleeves (2) 
7. Grind bearing diameters 40 mm and 50 mm nominal and grind outward 
faces on conponent (2) 
8. Dismantle and finish lap 50 mm diameter 
9. Assemble and fit sleeves (3) and spacer (4) 
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The rings (8) and the spacer (4) were ground on a surface grinder to ensure 
their faces were parallel. 
The test shaft was lapped to improve geometric form and to achieve finiohed 
size. Cast iron helical laps as supplied by Engis Ltd. were used, in 
conjunction with lapping compound A03 
(850 grid size). A photograph of the 
lapping equipment is shown in Plate 8. 
16.9.2 Metrolop-y 
The shaft diameter was measured by air gauging equipment as supplied by 
Thomas Mercer Ltd. The equipment consisted of a 2-Jet Nitralloy air ring 
gauge, setting masters and a 1_5.5 electronic unit. The range of diameter 
measurements afforded by 
the equipment was 49.978 - 50-008 mm with the 
display readable to 0.1jum. The accuracy of the setting masters as quoted 
by a Certificate of Calibration was within + 1.0)m. A photograph of the 
equipment used is shown 
in Plate 9. 
The table overleaf gives the parallelism deduced from the air gauge readings, 
The values given correspond to 
the deviation in the diameter along the shaft 
compared to the 
dianeter measured mid-way. 
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Distance from Deviation in Diameter 
one end mm Plane A Plane B 
15 + 0.9 + 0.1 
30 + o. 6 + 0.1 
4.5 + 0.1 - 0.1 
60 0.1 - 0.1 
75 0 0 
go 0 0 
10.5 + o. 4 + 0.1 
120 + o. 4 0 
135 001 - 0.7 
150 + 0.5 - 0.7 
16 !1 .5 + 1.0 + 0.5 
Over the central 120 mm, the shaft diameter is parallel to within 1.0 
I 
and the ovality was found to be within 1.2 ýM. The averaged size over the 
ce ntral 120 mm, was found to be 49.9988 mm. 
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16.10 Determination of ' E' =0 
16.10.1 Cancelling Applied-Loads 
The applied load to counter-balance the weight of the test bearing, load 
piston, etc. was determined by the following procedure: 
Rvbrid Bearing 
(a) Counter-balance the'weight of the bearing by the 
application of appropriate pneumatic load cell pressure 
(b) Set bearing supply pressure to 5 bar gauge 
(c) Note capacitance probe readings (A+B) 
(d) Reduce bearing supply pressure to 1 bar gauge 
(e) Note capacitance probe readings (A+B) 
(f) Adjust cylinder load pressure such that readings (e) 
equal to (c) 
(g) Repeat (b) - (f) until readings (e) and (a) are equal 
A final applied load was obtained for which a change of supply pressure gave 
no change in capacitance probe readings. 
Aerodynamic Bearings 
(a) Counter-balance the weighL of the bearing by the appli- 
cation of appropriate pneumatic load cell pressure 
(b) Set shaft speed to 5000 r-P-m- 
(0) Note capacitance probe readings (A+B) 
(d) Reduce shaft speed to 2000 r. p. m. 
(e) Note capacitance probe readings (A+B) 
(f) Adjust cylinder load pressure such that readings (e) 
equal to (c) 
(g) Repeat (b) - (f) until readings (e) and (a) are equal 
A final applied load was obtained for which a change of speed gave no change 
in capaCitance probe readings. 
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16.10.2 Cancelling Applied ToMues 
A torque was applied to the test bearing to cancel the influence of the 
capacitance probe leads, and for hybrid bearings, the bearing a ir supply 
tube.. It was assumed that this torque was constant for all supply pressures 
and bearing eccentricities. This applied torque was initially cancelled 
in the vertical plane by the following procedure: 
Rvbrid Beari 
(a) Apply counter balance load 
(b) Switch display on Wayne Kerr to (A-B) 
(c) Set bearing supIly pressure to .5 
bar gauge 
(d) Note capacitance probe readings (A-B) 
(e) Reduce bearing pressure to 1 bar gauge 
(f) "Note capacitance probe readings (A-B) 
(g) Add weights to one side of the load adjusting mechanism 
such that readings (f) equal to (d) 
(h) Repeat (c) - (g) until readings (f) and (d) equal 
Aerodynamic Bearings 
(a) Apply counter balance load 
(b) Switch display on Wayne Kerr to (A-B) 
(c) Set shaft speed to 5000 r-P-m- 
(d) Note capacitance probe readings (A-B) 
(e) Reduce shaft speed to 2000 r. p. m. 
(f) Note capacitance probe readings (A-B) 
(g) Add weights to one side of the load adjusting mechanism 
such that readings (f) equal to (d) 
(h) Repeat (c) - (g) until. readings (f) and (d) equal 
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loo 
For obtaining parallel motion in the film clearance during loading, the load 
adjusting mechanism was adjusted so that readings A-B were equal from 
2, = 0.5. 
The condition, of ,E=0 as used in this investigation is defined as folows: 
Hybrid Bearings 
The condition at which a change in supply pressure from 1 to 5 bars resulted 
in a deflection less than 0.8, um either radial or as a tilt. 
Aerodynamic Bearings 
I 
The condition at which a change in shaft speed from 2000 - . 
5000 r. p. m. 
resulted on a deflection less than 0.8 )1m either radial or as a tilt. 
I" 16.11 -Da-ba Acquisition 
The results obtained were in the form of curves. produced on an X-Y plotter. 
This approach has several advantages: 
(a) As there was a large number of tests required, continuous curves 
overcome tedious. and time-consuming manual graph plotting. 
(b) Bearing stiffness can be obtained relatively accurately from the 
load/deflection curves. 
The following parameters were plotted on an X-Y plotter: 
(i) Load/deflection for various speeds 
(ii) Shaft locus for various*speeds 
(iii) Speed/deflection for various loads 
(jv) Speed/attitude angle for various loads 
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16.12 Initial Tests 
The QOefficient of discharge for the orifices was found by free-jetting the 
orifices (with the shaft withdrawn) and recording the mass flow rates for 
various supply pressures. 
The isentropic flow for choked conditions is given in Section 2.4.5 as: 
2-1 7t 
W7 
ly 
Substituting for. X ='1.4, (R = 287 T- 2930 K 
cc, 
gives: 
/nr 
where N= total number of orifices 
do = orifice diameter (mm) 
The coefficient of discharge was obtained by dividing the recorded mass flow, 
with the theoretical mass flow rate to give: 
r Ach(al 4la-fi- m/e. A, , Isec. 
I-S7 x /0-4'* IV W, 
2' 
- : L84 - 
The values of the experimental Cd are given below: 
Po/pa L/D =1 L/D =2 
2 0.69 0.72 
5 0.71 0-74 
8 0.72 0.73 
These values correspond to those obtained by the Author in Reference 2.2, 
where for the orifice diameter of 0.09 mm, Cd*'*, was found to be in the ranGe 
0.73 - 0.74. In this investigation, a mean value of 0.7 was assumed. 
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I 
17. COMPARISON OF ID(PERIMENTAL DATA WITH THEORETICAL PREDICTIONS 
a 
17.1 Introduction 
In this section, experimental data is compared with theoretical predictions. 
The various theoretical models have been previously presented in Section 14. 
The experimental data used for comparison includes that obtained from this 
study in addition to other published results. 
17.2 RKperimental Results Obtained from the Study 
The experimental results were obtained in the form of continuous curves. 
The outputs from the appropriate electronic circuitry were connected to the 
axes of a Bryans 26000 series X-Y plotter. 
17.2.1 Experimental Technique 
Various bearing characteristics have been investigated by the following 
techniques: 
(i) Load /Deflection 
7he output from the bearing load transducer circuit was fed into the Y axis 
of the X-Y plotter; eres into the Y axis. Shaft speed was adjusted to the 
required value-and the bearing was loaded continuously by increasing the 
pressure in the load cylinder. 
(ii) Shaft Locus 
The output from the vertical capacitance probes 
( XI) was fed into the Y axis 
of the X-Y plotter; the output from the horizontal capacitance probes 
into the X axis- Shaft speed was adjusted to the required value and the 
bearing was loaded continuously by increasing the pressure in the load 
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cylinder, 'From the diagram produced, the attitude angle and maximum 
bearing eccentricity could be obtained directly. 
(iii) Deflection /Speed 
The output from the analogue computer, eres , was fed into the Y axis of 
the X-7Y plotter; the output from the tacho-generator into the X axis. 
Bearing load was adjusted to the required value and shaft speed increased. 
I 
(iv) Attitude Angle /Speed 
As above but with the output tan from the analogue computer. 
J7.2.2 Aerodynamic Performance of Plain Cylindrical Bearings 
The expe , rimental and theoretical 
(finite difference) results for the 
aerodynamic performance of plain cylindrical bearings are shown in Figures 
17.1 and 17.2 for L/D =1 and 2 respectively. At low eccentricities, the 
bearing was prone to synchronous whirling. (This was observed on the high - 
speed storage oscilloscope). 
As load was increased, ý whirling was suppresseddue to higher film stiffnesses. 
This feature has been reported extensively in the literature. Typical 
references have been made by'Sternlicht and 
Elwell (Ref, 17.1) and McCann 
(Ref. 17-2)- 
Up to experimentaT and theoretical load capacities correlate to 
within 20% whilSt, for attitude angle 
tO within 5". 
, Rs 17.2-3 Aerodynamic Perf6rmance of Orifice Bearin 
The experimental and theoretical results for the aerodynamic performance of 
bearings having orifices present are shown in Figures 17-3,17.4 and 17-5. 
The theoretical results shown have been calculated by the theoretical 
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analysis presented in Section 14.1.2 . This assumes that the orifice planes 
represent atmospheric boundaries which provide a pressure source on the high 
clearance side of the bearing and a pressure sink on the low clearance side. 
in other words, the bearing has been assumed to be comprised of three 
separate elements -a central section and the two outboard sections. 
Under low loading conditions, these bearings were prone to synchronous 
whirling as was the case for the plain cylindrical bearings. When a small 
load was applied to the bearing, whirling was suppressed. 
UP to F_= 0.5 experimental and theoretical load capacities correlate to 
within ly,, and attitude angle to within + 
40. It is pointed out that the 
theoretical results for load capacity are consistently lower than for 
experiment. This could be explained by the fact that the row of orifices do 
not provide a line boundary and/or some restriction is afforded to prevent 
efficient-sinking or pressurising to atmospheric conditions in this plane. 
The bearings shown inFigures 17.1 and 17-3 are identical bearings except 
that for the latter figure holes exist in the bearing wall into which 
orifices have been press-fitted. The same also for Figure 17.2 and 17.4. 
The presence of these holes derates the experimental load carrying capacity 
at 0.5 by the following factors: 
L/D load capacity with 
holes 
load capacity. mithout-holes 
0.28 
2 0-50 
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17.2.4 Hybrid Pýrformance 
The experimental and theoretical results for-the aerostatic and hybrid 
performance are shown in Figures 17.6 to 17.10. The results from two 
theoretical models are shown - the finite difference solution and the results 
from the modified superposition method as outlined in previous sections. 
The theoretical results for the modified superposition method has been 
calculated using the finite difference solution for the aerostatic condition. 
The various bearing configurations are shown below: 
Figure L/D Po/Pa ho jum 
No. 
17.6 1 2 12-3 
17.7 2 2 12.7 
17.8 of I 5 
17-9 8 
17-10 5 17.9 
For the aerostatic performance, theoretical and experimental results 
correlate to within lWo for 
f:. <,, 0.5. For the hybrid performance the results 
show, as expected, 'that by 
increasing L/D ratio and/or decreasing supply 
, pressure, increases the aerodynamic effect. 
The discrepancies between theoretical and experimental load capacities for 
0.5 are. tabulated overleaf: 
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L/D PO/Pa ho ým discrepancy* 
finite difference modified superposition 
1 2 12.3 + 2C%o' + lC% 
2 2 12-7 + lC% - 65ro 
2 5 12.7 + 6, e. + 110' 
2 8 12.7 + 9%0 + 7% 
2 5 17-9 + -, 
F/O + 14% 
,* refers to the maximum discrepancy. 7he figure of + 20% means 
that the finite difference solution over-eStimated load capacity 
as compared with experimental values. 
The experimental and theoretical values of attitude angle correlate to 
within ± 50. The theory generally gives predictions lower than that 
observed experimentally. 
17.3 Other Published Data 
17-3.1 P01,1811 
A con-parison of experimental data obtained by Powell (Ref. 13-7) for central 
admission bearings with theoretical predictions from this study are shown in 
Figure 17-11- It can be seen that the finite difference results correlate well 
with experiment for both aerostatic and hybrid performance. The modified 
superposition method, based on 
the aerostatic load capacity from the finite 
difference solutipn, predicts a slightly lower hybrid load capaoity-than that 
observed experimentally. 
The discrepancy between the finite solution and experiment is within 6% for 
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both aerostatic and hybrid operation. The modified superposition theory and 
experiment correlate to within Wo for hybrid performance. 
17-3-2 Cunningham et. al. 
Figure 17.12 shows a comparison between the experimental results obtained by 
Cunningham et. al. ''(Ref. 13.8) and the finite difference solution. Figure 
17.12 (a) refers to the load deflection characteristics; Figure 17.12 (b) to 
shaft locus. The finite difference solution correlates well with experiment 
for both aerostatic and hybrid modes of operation. The discrepancy in load 
capacity for the aerostatic performance is within 1W, and for the hybrid 
performnace within lYo. Attitude angle is predicted to within 510 at E>0,2. 
17.3.3 McFarlane and Reason 
The experimental data recently presented by McFarlane and Reason (Ref, 13,10) 
is compared to the finite difference solution in Figure 17-13. Figure 17-13 (a) 
compares theoretical pressure profiles with experimental results obtained 
from pressure tappings in a bearing. Theory and experiment correlate to 
within 8 M/m2(1.2 lbf/in') for a supply pressure of 138 kN/mz(20 lbf/in') 
Figure 17-13 (b) compares theoretical and experimental results for eccentricity 
ratios and attitude angle against speed. At aerostatic conditionst theoretical 
and experimental eccentricity ratios agree to within 0.07 
(14%)# and for hybrid 
Conditionsp to within 0.09 
(1MI). For all cases# experimental eccentricities 
are lower than that predicted, which implies that the finite difference 
solution under-estimates the bearing load capacity. Attitude angle is 
predicted to within 50 for the complete range of speeds. 
- 191 - 
17.4 Conclusions 
The finite difference solution gives predictions for load carrying capacity 
within 20175 for L/D = 1,1516 for L/D = 1.5 and within 1&lo for L/D -2 compared 
to that measured experimentally by this and other studies for 0. 
Attitude angle is predicted to within + 50. 
The modified superposition method, based upon the finite difference solution 
for the aerostatic performance, gives predictions for hybrid load capacity to 
within lYo of that measured experimentally up to E=0.5. 
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18. GENERAL CONCLUSIONS 
It has been demonstrated that the performance characteristics of aerodynamic, 
aerostatic and hybrid bearings are accurately predicted from the finite 
difference analysis. 
For plain cylindrical bearings, theory and experiment correlate to within 
2% for load capacity up -to E, - 0.5. ' 
In the case of an orifice bearing operating aerodynamically, it was assumed 
that the orifice plane acts as atmospheric boundaries. Theoretical and 
experimental load capacity correlate to within 1-Vo up to E- 0-5. Greater 
accuracy could be obtained if the analysis took account of these holes. A 
similar aI nalysis to that used for aerostatic conditions could be employed 
to take account of the source/sink dispersion effects local to these holes. 
liowever, the assumptions made in the present study give a reasonable 
approximation. 
For aerostatic and hybrid operation, the type of grid network used in 
computation accounts largely for the dispersion effects often ignored in 
previous theoretical modelling. The predictions for aerostatio load capacity 
up to 0-5 is predicted to within lVo of experimental values, whilst for 
hybrid operation up to 0-5 predictions are within 2Q% for L/D 
1_Vo for L/D - 1.5 and 18% for L/D - 2. 
The Computer results suggest that reverse flow can exist through some 
orifices at high eccentricities. The analysis used in this study does not 
take this into account and for this condition, supply pressure is assumed 
at these orifices. Further refinements could be made in the analysis to 
account for this effect. 
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For all modes of operation, the finite difference solution gives predictions 
for attitude angle within 50. 
An approximate method for the calculation of hybrid performance is Outlined. 
This follows closely that proposed by Powell and involves Superposition of 
aerostatic and aerodynamic load components. It is shown that this method 
gives predictions within 115V6 of those obtained from the finite difference 
analysis. When compared to experimental values, it is shown that the 
predictions for hybrid load capacity, based on the finite difference solution 
for the aerostatic load component, are within 14% of those measured 
experimentally up to E-0.5. 
Due to its simPlicitYp this method Is a useful design aid. The results give 
a good approximation for hybrid operation without recourse to lengthy 
computation. 
In contrast# the finite difference solution is particularly useful in the 
analysis of manufacturing errors such as those discussed in the previous 
part . Other instances where 
this method is more applicable is for the 
effects of misalignment on the hybrid bearing performance. 
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PART E 
OVERALL CONCLUSIONS 
pART E- OVERALL CONCLUSIONS 
19. CONCLUSIONS 
Various theoretical treatments have been examined in this thesis and coml2red 
with experimental data. Where necessary, new data have been presented on 
bearing characteristics and new design procedures have been proposed. 
A method is presented which employs complex potential theory for the analysis 
of externally pressurised bearings. Using this theory, a corrected line feed 
- model has been obtained from which 
the influence of the line feed parameters 
on bearing performance has been demonstrated. The data presented considered 
a wide range ofYX values which is an advancement on the reSults given by 
M. T. I. for which one specific value ofPX was considered. 
Finite difference methods have also been examined. This provides a versatile 
method for the solution of bearing film pressuresl, particularly for condition 
of non-parallel film clearances, such as eccentric Journal bearings. Other 
instances where the finite difference methods are particularly useful in in 
the analysis of manufacturing errorst such as mis-matched orificesq errors 
in form or misaligned bearing surfaces. 
For the case of journal bearingst the corrected line feed analysis was used 
to demonstrate the effects of various design changes on aerostatic 
performances. It was shown that this method gives results to an accuracy of 
within ± 1_Vo when compared with experiment. 
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The results from the complex potential theory and those from the finite 
difference method were compared to experimental pressure profiles for 
concentric conditions. It was shown that the bearing film pressures local 
to the source are accurately predicted by finite difference methods, which 
validates the modelling technique employed. The finite difference model was 
shown to give predictions for the aerostatic performance within 10% for 
load capacity, flow rate, stiffness and restoring torque. 
This method was used to examine the effects of manufacturing errors on 
aerostatic performance. The errors considered included errors in orifice 
diameter, errors in clearance, mis-matched orifices, form errors, bearing 
tilt and local burring at the edge of pockets. Each of these errors were 
examined independently and their effects presented. Also, by accountirg for 
the tolerances in measurement and form, experimental bearings were analysed 
and a theoretical error band established. It was shown that the experimental 
results fall within this band. This indicated that differences between 
theory and experiment can be largely attributed to the effect of manufacturing 
errors. 
The finite difference analysis was extended to include speed effects. For 
plain cylindrical and hybrid orifice bearings, theory and experiment 
correlated to within 2% for load capacity up to F, - 0-5 and within 50 for 
attitude angle. For an orifice bearing operating aerodynamically, it waS 
assumed that the orifice planes act as atmospheric boundaries for which 
theory and experiment correlated to within 1_T/, up to 0.5. Although 
greater accuracy could be obtained by improving the analysis to account for 
the influences of the feed holes, and to account for reverse flow during 
hybrid operation at high eccentricitiest the assumptions made in this study 
leads to results which give a good approximation to the experimental results. 
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An approximate design method for the evaluation of hybrid Performance has 
been outlined. This method involves vector addition of the aerostatic and 
aerodynamic loads and follows closely that proposed by Powell. The differenci 
lies in the calculation of the aerodynamic component. It was shown that this 
method gives predictions for hybrid load capacity within l1ro, of those from 
the more elegant finite difference method and within 1476 of experimental 
values for F, .,, '0.5. As this method can be used without recourse to lengthy 
computation it is a useful design aid. 
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20. RECOMMENDATIONS FOR FUTURE WOMC 
The finite difference method used in this study has been the intermediate 
relaxation technique. Another methodo which has recently been developed 
at Southampton University, is the A. D. I. scheme. A comparison of the results 
from these methods has been made in this study. and it has been found that 
good correlation exists. However, only a limited comparison has been made 
and a more detailed study is necessary in order to achieve more generalised 
conclusions. It would also be useful to compare process time necessary for 
the two methods. 
it was found that for hybrid simulations, under relaxation was necessary to 
prevent numerical instabilities. This technique overcame instabilities but 
did not represent an optimum to minimise process time. Useful work could be 
achieved by evaluating the effects of relaxation On computer Process time. 
For the analysis of an orifice compensated bearing Operating in an aerodynamic 
mode, it was assumed in this study that the orifice planes act as atmospheric 
boundaries. The finite difference solution applicable for aerodynamic bearings 
could be modified to account for the effect of the supply holes. The equations 
relating to the viscous flow from the holes have been Presented in this study 
and with some modification to account for either forward or reverse flow, the 
effects of these holes on performance characteristics can be determined, 
For the hybrid analysis in this study, it was observed that the f ilm pressure 
immediately below the orifice can exceed the bearing supply pressure in the low 
clearance side when very high aerodynamic conaitions Prevail. These can occur 
at conditions of high eccentricity ratios, high compressibility numbers or low 
supply pressures. It is assumed in the analysis that the inlet film pressure 
at the orifices cannot exceed supply pressure conditions and therefore reverse flow 
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was not accounted for. However, this effect could be included in the analysis 
with the assumption that the orifice characteristics are identical regardless 
of the flow direction. This would allow higher pressures to exist at the 
positions of the orifices than the supply pressure. A higher load capacity 
would therefore be predicted than that from the existing analysis. 
The finite difference solution could also be applied to other bearing 
geometries such as annular thrust bearings and rectangular thrust bearings. 
In doing so, the effects of dispersion due to the influence of discrete 
sources could be determined andq in the case of rectangular thrust bearings, 
the so-called 'end effects' could be examined. 
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